
 

 

University of Nevada, Reno 

 

 

 

 

 

Good Vibrations: Reliable Vibrational Probes for Investigating 

Structure and Dynamics in Biomolecules 

 

 

 

 

 

A dissertation submitted in partial fulfillment of the requirements for 

the degree of Doctor of Philosophy in Chemistry 

 

 

 

 

 

 

by 

Farzaneh Chalyavi 

Dr. Matthew J. Tucker/Dissertation Advisor 

December 2019 

 

 



 

 

 

 

 



i 

 

 

Abstract 

Monitoring changes in the local electrostatic environment of proteins is important for 

determining the dynamic nature involved in many biological processes. The efficacy of 

natural and non-natural vibrational probes has been tested for monitoring the 

conformational dynamics in peptide and protein systems. Vibrational probe pairs can 

simultaneously detect dynamics at two different regions of the biomolecules active site 

via 2D IR. The variations in the distance and orientation of a probe-pair provide the details 

of molecular movements which affects the protein function. Various probe-pair have 

been developed and incorporated for structural determination. Spectroscopic rulers can 

be obtained by utilizing these probe-pairs with detecting the changes in coupling strength 

by variation in distance within protein systems.  
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Chapter I. Introduction 

Two-dimensional infrared spectroscopy (2D IR) is a valuable spectroscopic tool with 

high temporal resolution that can be utilized to detect the structure and dynamics within 

chemical systems. Diagonal signals, shown in Figure 1-1, provide details about vibrational 

characteristics of the system including the anharmonicities, vibrational lifetimes, and the 

magnitude and orientation of the transition dipole moment.1 However, arguably the most 

interesting information recorded by 2D IR can be found by evaluating cross peaks, Figure 

1-1.  Cross peaks can provide information about energy transfer between oscillators, 

dipolar coupling uncovering structural content, and dynamic population/chemical 

exchange.2ς7  Additionally, conformational information can be frozen out on an ultrafast 

timescale akin to snapshots of a camera.  2D IR spectroscopy also has higher sensitivity 

for detection which requires lower concentrations of biological samples compared to 

baw ŘǳŜ ǘƻ ǘƘŜ μ˃μ4 dependence of the spectral intensity. Conformational dynamics can 

be detected with higher resolution in a sub picosecond timescale. 

2D IR has the capability to monitor the frequency-frequency correlation function 

(FFCF) associated with a single oscillator. This FFCF can detect solvent motions or larger 

scale and slower molecular motions often found internally in biological systems. The 

inhomogeneity of the frequency distribution can be detected by the 2D line shape as an 

elongation along the diagonal line at T=0 ps. As the waiting time increases, T>0, the 2D 

line shape becomes more symmetrical due to the loss of the frequency correlation, Figure 

1-2. The inhomogeneous distribution of frequencies can be monitored directly from the 
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diagonal linewidth in 2D IR spectra. Often time FFCF in terms of molecular dynamic 

simulations, each particular frame has a specific frequency, by determining the difference 

of each frame frequency from the average frequency and performing an autocorrelation, 

the same information can be obtained as the monitoring of the changes in the slope by 

increasing the waiting time (Figure 1-3). Furthermore, with semi-empirical electrostatic 

modeling, a direct comparison is often made between experiment and computation. 

Generating infrared spectra from molecular dynamic simulations can be achieved by 

Fourier transform of classical dipole time-correlation functions.  The structure can be 

generated form high-level ab initio calculations which can be further utilized for defining 

the vibrational frequencies with an electrostatic map for each molecular dynamics 

trajectory. Therefore, the desired IR spectra can be calculated using the lineshape theory.   

The development of vibrational probes as spectroscopic reporters of structure and 

solvent dynamics has been vital for studies of biomolecules via FTIR and 2D IR 

spectroscopy. The spectral properties of a vibrational probe define its utility for studying 

systems of interest. Desirable properties of a useful IR probe include: larger transition 

dipole strength (to monitor lower concentrations), longer vibrational lifetimes (affects the 

ability to monitor the environmental changes), and size (to limit the perturbation of the 

system). For example, Amide I or C=O transitions (~1600-1700 cm-1) are the most 

commonly used probes for backbone structure determination of peptides and nucleic 

acid. The excitonic nature of the transitions reveal strong coupling mechanisms 

depending on the different secondary structure which results in distinctive vibrational 

bands in the infrared spectrum. Although the unique band structures can be informative, 
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global backbone structure can be somewhat limited in uncovering site-specific structural 

dynamics, and therefore, it is not as useful for investigating site-specific system dynamics. 

Instead, isotopic labelling is often utilized to isolate amides within regions of interest. 

Substituting a 12C=16O group with either 13C=16O or 13C=18O will have an isotope shift of 

40-60 cm-1 which can isolate the transition from the amide I band. However, isotopic 

labeling can become rather expensive and oftentimes there is significant spectral overlap 

of isolated amide transition with side chain residues, such as arginine, aspartic acid, 

glutamic acid, etc.8ς10 To overcome these challenges associated with labelled amide 

transitions, site-specific side chain probes have been utilized. For example, nitrile-

derivatized amino acids, such as p-cyano-phenylalanine and 5-cyano-tryptophan, have 

been incorporated in the protein and peptide systems to detect changes in the local 

hydrogen bonding and electric field distribution upon binding, folding, etc. 2,11ς

15Additionally, azido-derivatized amino acids have also been found useful for site specific 

studies due to their larger transition dipole strength. 16,17Site-specific vibrational probes 

can be beneficial for studying larger biological systems as they involve in the active site 

and the biological activity can be monitored through these probes.   

Side chain-based infrared probes 

Side chain probes can be used for uncovering the site-specific changes in the local 

environment and secondary structure of peptide and proteins that may not otherwise be 

observed. Natural side chain probes such as carboxylate, carboxylic acid, ester carbonyl 

have been utilized as natural sidechain probes in several systems.18ς20 Utilizing naturally 
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existing IR probes is useful because they do not perturb the system of interest. Therefore, 

a more accurate structural analysis of the active site of the biomolecules can be obtained.  

 For example, 2D IR spectroscopy has been utilized to monitor the Histidine side chain 

indirectly via amide I band structure and function changes in proteins. The histidine amide 

I band has been shown to be sensitive to structural changes and protonation making it 

useful for studying peptide and protein dynamics. 8 The histidine protonation effect on 

the local water molecules structure is important for enzymatic reactions. The amide I 

band of this sample shows three distinct components that exhibit different pH 

dependency. These results show that the amide I band of Histidine is sensitive to 

conformational and protonation states. 

Even though the amide I band can be utilized for studying dynamics and 

conformational changes, there are some drawbacks for utilizing amide I reporter. The 

amide I band is congested of several backbone transition. To overcome this challenge 

isotope-editing can be incorporated. Isotope labeling is cost effective and isotope-edited 

amide I backbone transition can be overlapped with other sidechain vibrational bands, 

such as arginine, glutamic acid, and aspartic acid.  

Due to the limitations of the amide I band, several researchers have turned to 

various side chain vibrational probes to overcome the complications of isotope labeling. 

Nitriles are relatively small probes that have been incorporated in different side chains as 

well as the backbone of nucleic acids.25 In particular, the CN stretching vibration has been 

utilized as a reporter for studying the ligand-protein interactions, drug binding, measuring 

electric field strength, and solvent dynamics. 21ς25 The vibrational transition is located with 
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a region of the IR spectrum, 2100-2300 cm-1, which is isolated from other common 

biological transitions makes monitoring changes in the side-chain more reliable as there 

is no overlap with other transitions that can affect the spectral analysis. 

In particular, nitrile-derivatized amino acids have been shown to be useful 

reporters within protein systems.2,13,26 For example, cyanophenylalanine (PheCN) was 

utilized as a spectroscopic probe to uncover structural information within the villin 

headpiece subdomain, HP35.14 Monitoring PheCN, a two-state equilibrium was observed 

in the folded state and the exchange rate for the system was revealed. Fang and et al. 

also studied two cyano-groups at the wings of the nonnucleoside HIV-1 reverse 

transcriptase (RT) inhibitor (NNRTI) TMC278 using 2D IR spectroscopy. The 2D IR data 

revealed that the flexibility of the diarylpyrimidine (DAPY) found in the TMC278 inhibitor 

played an important role in effectiveness for NNRTI-resistant mutants.27 

In addition to nitrile derivatized phenylalanine, several different nitrile derivatives 

have been useful in biological studies, such as SeCN, SCN, isonitrile and isotopic-labelled 

cyano-. 28 SeCN and SCN are particularly interesting due to their long lifetime (around 200 

ps). This lifetime is unique for small probes and it provides the opportunity to monitor 

dynamics on the hundreds of picoseconds timescale which is important for measuring 

longer protein folding dynamics. 

Similar to nitrile transitions, the azido- asymmetric stretch is located in the 

isolated region of the spectrum. The azido- group has a relatively large transition dipole 

strength which is a major advantage for signal strength in comparison to the nitrile group.  

These azido-probes have been incorporated into various systems, including RNA 
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nucleoside and sfGFP systems, and have been used to monitor environmental changes 

and dynamics.3,29ς32 It has also been reported that the azido- group is a potentially useful 

probe for studying nucleic acid dynamics. 16 While these studies have focused on linear 

IR, only a few studies have extended the azido- group to nonlinear spectroscopic studies, 

such as 2D IR. The 2D IR studies are limited. The azido- moiety was successfully 

ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴ н-azido-н-deoxyuridine (N3dU) to monitor its sensitivity to hydrogen 

bond dynamics via 2D IR spectroscopy. 16 Additionally, azidohomoalanine was used to 

uncover differences in folding rate between sidechains and backbone proteins.33   

Based on the biological system of interest, the best vibrational probe for that 

study needs to be chosen so the conformational changes and structural dynamics can be 

monitored for the system under study. Reliable vibrational probes need to have high 

sensitivity to local environment, high transition dipole and the transition be located at an 

isolated region of the IR spectrum to decrease overlapped transition and help with a more 

accurate spectral analysis. Also, the vibrational lifetime of the transition is important; 

having a longer lifetime is beneficial for studying protein systems. Various vibrational 

probes have been developed and characterized for different systems.14,19,23 Developing 

new vibrational probe is always a challenge but it is necessary for expanding the ability of 

the vibrational probes for structural dynamics in biomolecules such as peptide, protein, 

RNA systems. 

Probe-pairs for Structural Determination  

Finding a single, suitable, vibrational probe for studying structural fluctuations and 

dynamics in biological systems can be challenging. Incorporating a single probe in a 
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system has several advantages but having two probes at different sites can provide more 

details about a system. Therefore, the use of probe-pairs can be advantageous for 2D IR 

measurements. Using not one, but two vibrational probes allows for the determination 

of site-specific conformational changes and dynamics at two positions, simultaneously. In 

the case of the presence of vibrational coupling between the probes, further structural 

determinations can also be obtained, such as distance and angle between the probes.  

For example, two commonly used non-natural probes, N3 and CN, have been incorporated 

ƛƴ ŀ ƴǳŎƭŜƻǎƛŘŜ ǎŀƳǇƭŜ όн-azido-5-cyano-н-deoxyuridine (N3CNdU) as a probe-pair. 

Utilizing the azido- and cyano- groups on the same molecular scaffold introduces the 

ability to monitor the vibrational coupling. This information can then be used to 

determine the distances and angles between the probes to be ~ 7.9 Å and ~60 degree, 

respectively (Figure 1-4).3 

For my thesis various vibrational probes such as extrinsic, intrinsic, natural and non-

natural have been incorporated in peptide and proteins to investigate conformational 

changes and structural dynamics. Additionally, new vibrational probes have been 

developed and characterized. Various probe-pairs have been introduced and tested.  

Thesis Outline 

Monitoring changes in the local electrostatics of the environment of proteins is beneficial 

for determining the structure and dynamics involved in many biological processes. The 

development and characterization of natural and non-natural vibrational probes is 

necessary to provide more tools to study such processes. In many cases, the efficacy of 
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newly developed natural and non-natural vibrational probes is tested in model peptide 

systems to determine their utility as site-specific probes. Studying these types of 

transitions can provide information about conformational changes occurring under 

equilibrium conditions. To expand on these studies, two vibrational probes can be utilized 

ōȅ ƛƴǘǊƻŘǳŎƛƴƎ Ψprobe pairsΩ ǘƘŀǘ can simultaneously detect dynamics at two different 

sites of the system. For example, an active site on a protein that might experience 

different variations in electric field from their environment than a non-active site. This is 

particularly useful when studying drug interactions. In addition to the dynamics at 

multiple locations, probe pairs can also be utilized to obtain structural information, i.e. 

distance and angular, at important contact points, by analyzing the dipolar interaction via 

2D IR spectroscopy. Folding and unfolding processes can benefit from these tools because 

details of molecular movements which can affect protein function can be tracked. For 

reasons of this nature, various probe-pairs have been developed and incorporated into a 

selection of biologically relevant systems for structural determination. Using vibrational 

coupling models, predictions about the structure can be determined. Overall, using these 

types of model systems, structural maps can be developed to capture distance 

information directly from spectral changes, i.e. acting a spectroscopic ruler, for utility in 

various biological systems.   

Chapter 2 will focus on the techniques and methods that were necessary for this work. In 

Chapter 3, the spectroscopic properties of the tyrosine ring mode as a sensitive site-

specific vibrational probe has been studied and characterized extensively. The 
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environmental sensitivity in the ring mode has been tested in various electrostatic fields 

resulting in a correlation to the vibrational bandwidth in the Fourier Transform Infrared 

Spectroscopy (FTIR). This correlation was then utilized to evaluate the hydration status of 

the hydrophobic core of Trp cage miniprotein upon thermal and chemical denaturation. 

Also, the reasons for the correlation to the IR bandwidth were determined with the aid of 

computation in combination with 2D IR spectroscopy. In Chapter 4, the 2D IR spectra of 

Trp-cage miniprotein has been collected with the protein in both folded and chemically 

denatured states. A significant change in the vibrational lifetime was discovered and 

determined to be due to the changes in the degree of solvation around the tyrosine 

residue in the hydrophobic core. Also, significant changes in the correlation decay were 

observed due to the stacking effect of aromatic tryptophan residues in the core which 

interact with a tyrosine residue. The 2D IR study reveals the role of water and the 

stabilizing side chain contacts of the hydrophobic core. To extend the utility of the 

tyrosine ring mode as a spectroscopic tool for conformational dynamics and structural 

determination, Chapter 5 examines tyrosine and deuterated tyrosine as a probe pair for 

2D IR studies. This probe-pair proved to have much potential for simultaneously studying 

different environments while tracking a particular distance of interest for conformational 

changes in protein systems. Chapter 6 investigates cyanamide (NCN) as a non-natural 

probe for IR and 2D IR studies. The vibrational lifetime of NCN has been measured in 

various molecular scaffolds showing a significant effect on the observed lifetimes. 

Additionally, experimental and computational evidence suggests that electron repulsion 

between the conjugated 5-membered ring and the lone pairs of the DMSO is the main 
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source for the fluctuation in frequency observed.  In Chapter 7, a new methodology of 

άslope along the maximum contourέ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ŀ cyano-cyano probe pair, Trp5CN 

and Phe4CN, confirming this probe-pair is advantageous for conformational changes in 2D 

IR spectroscopy. Chapter 8 discusses several other projects I worked on during my time 

at UNR. These projects include looking at the photophysical properties of the cabbage 

white butterfly, incorporating para-azido phenylalanine (pN3Phe) into superfolder green 

fluorescent protein (sfGFP), extending the azido- probe lifetime, and modulation of 

vibrational energy transfer between azido- and cyano- reporters through aromatic 

scaffolds. 



11 

 

 

 

Figure 1-1. Features of a 2D IR spectrum a) Diagonal peaks for a single transition b) cross 

peaks for two transitions. 

 

 

a) 

b) 
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Figure 1-2. Evolution of 2D IR spectra as the FFCF decays. a) more elongated at early T 

times b) more symmetric at longer T  
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Figure 1-3. Autocorrelation of the difference in frequency of each frame of the MD 

simulation from the average frequency gives the same information as monitoring the 

changes of slope over time 
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Figure 1-4. (a) Linear IR, (c) absorptive 2D IR spectra, and (d) expanded cross peak region 

and diagonal peaks of the CN transition observed in the 2D IR spectra of N3CNdU in 

ǿŀǘŜǊ ŀǘ ǿŀƛǘƛƴƎ ¢ Ґ нлл ŦǎΦ όōύ {ǘǊǳŎǘǳǊŜ ƻŦ н-azido-5-cyano-н-deoxyuri Reprinted with 

permission from ref 3. copyright 2016 American Chemical Society 
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Chapter II. Theory and Experiment  

Linear Infrared Spectroscopy 

In linear IR measurements, a weak infrared light is used by the assumption of having all 

the molecules in their ground vibrational state before the interaction of the pulse with 

the sample. Two vibrational levels, as well as one Feynman diagram are needed to explain 

the linear absorption.1 

Outline of a Theory for 2D IR 

The foundation of 2D IR spectroscopy is the heterodyned stimulated photon echo signal. 

The photon echo signal is a weak field effect which can be thoroughly explained as a four-

wave mixing process. In order to extract molecular-level information from the detected 

signal, the theory for third-order nonlinear vibrational spectroscopy will be discussed in 

this chapter. 

Theory of vibrational third-order nonlinear spectroscopy 

2D IR gives the ability to get instantaneous snapshots from the system under study over 

the sub-picosecond dephasing time of vibrational transition. The relative response 

functions of the molecular system can be measured from a Hamiltonian of a system 

interacting with a surrounding bath and with the external light field.  

Overall, the macroscopic polarization, which can be described by the responses of the 

system to incident pulse sequences, generates the photon echo signal detected from the 

samples.   
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The total Hamiltonian mentioned above for a system interacting with the surrounding 

bath, in an external light field can be written as: 

Ὄ  Ὄ  Ὄ  ὠ ‘ᴆȢὉᴆ                           (2.1) 

Where Ὄ is the Hamiltonian of the isolated system, Ὄ  is the bath Hamiltonian, ὠ  

represents the interaction between system and the surrounding bath, ‘Ὁ is the term for 

the coupling of the system-bath complex to the light field (radiation-matter interaction) 

with the dipole moment correlation function: 

‘ὸ ÅØÐ 
Ὥ

ᴐ
ὠ †Ὠ†ÅØÐ

Ὥ

ᴐ
ὌὸȢ‘ȢÅØÐ

Ὥ

ᴐ
ὌὸÅØÐ 

Ὥ

ᴐ
ὠ †Ὠ† 

(2.2) 

The time-dependent dipole moment of the vibrational transition between state Ὥ and Ὦ 

can be written as: 

‘ ὸ  ‘ πὩ ÅØÐ Ὥ᷿ ‫‏ †Ὠ†            (2.3) 

‫‏ † is the time-dependent fluctuation of the frequency variation of state Ὥ and Ὦ. 

By utilizing cumulant expansion: 

ἂ‘ᴆὸ ‘ᴆπἃ  ȿ‘ ȿὩ ὩὼὴὭ᷿ ‫‏ †Ὠ†                        

 ȿ‘ ȿὩ Ὡὼὴ Ὠ† ἂ‏‫ † ‫‏ π Ὠ†  

           ȿ‘ ȿÅØÐ Ὥ‫ ὸ Ὣὸ                                                     (2.4) 
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Where the lineshape function, Ὣὸ can be defined as: 

Ὣὸ  ᷿ Ὠ†᷿ ἂ‏‫ † ‫‏ έἃὨ†                    (2.5) 

Thus, the vibrational lineshape is obtained by the Fourier transform of the dipole moment 

correlation function ἂ‘ᴆὸ‘ᴆπἃ. It is related to the frequency fluctuation correlation 

function ofἂ‏‫ † ‫‏ έἃ. 2 The single component decay of the normalized FFCF 

suggests a model correlation function of the form:  

ἂ‫πἃ‏‫Ὕ‏ ‏
Ὕ

Ὕᶻ
 ЎὩ ϳ Ў 

Ὕᶻ is homogeneous dephasing; Ў is the variance of frequency distribution; Ў is a static 

inhomogeneous component; and the observed correlation time, †. 

By utilizing a sum of Kubo functions, the correlation function can be modeled: 

ἂ‫πἃ‏‫Ὕ‏ ὅὸ  ВЎὩ ϳ               (2.6) 

ˍ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǘƛƳŜ ǎŎŀƭŜ ƻŦ ŘŜŎŀȅ ƻŦ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŎƻǊǊŜƭŀǘƛƻƴΣ ҟ relates to standard 

deviations in the distributions of frequencies. 

 

Generation of the echo signal 

The electric fields of the three excitation mid IR laser pulses cause a complex temporal 

and spatial excitation in the sample. The convolution of the microscopic response 

functions with theses electric fields provide the third-order macroscopic polarization.  
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ὖ ὸ  ᷿ Ὠ†ȣ᷿ Ὠ†Ὑ †ȟ†ȟȣ† Ὁ ὸ † Ễ † ȣὉ ὸ †            

(2.7) 

 

Ὑ is the nonlinear response function for the 6th Feynman diagram3, ὉΣΧΦὉ are the 

electric field envelopes of the laser pulses with wave vectors of  Ὧᴆ, Ὧᴆ, Ὧᴆ. 

The incoming electric fields average is: 

Ὁὶᴆȟὸ  В ὉὶᴆȟὸÅØÐὭὯᴆὶᴆ Ὥ‫ὸ ὉᶻὶᴆȟὸÅØÐὭὯᴆὶᴆ Ὥ‫ὸ          (2.9) 

The nonlinear polarization can be written as  

ὖ ὶᴆȟὸ  В Вὖ ὸÅØÐ ὭὯᴆȟȟȣ Ȣὶᴆ Ὥ‫ὸ               (2.10) 

Ὧᴆ and ‫  can be any combination of the electric field wavevectors and frequencies: 

Ὧᴆ Ὧᴆ Ὧᴆ Ὧᴆ,  ‫ ‫ ‫ ‫  

The emitted field needs to be measured. Since the optical detectors are not fast enough 

for obtaining fs-ps electric fields, a spectrometer is usually used to convert the emitted 

field into the frequency domain. Both the emitted field from the signal Ὁ  ὸand the 

reference laser pulse Ὁ  are reflected from a grating on the monochromator and then 

measured on an IR detector. Typical IR detectors are square-law detectors, these 

detectors can only measure intensities and not electric fields. In order to calculate the 

ὙόὸΣὸΣὸύ ‌ Ὥ‘ Ὡ  Ὡ ϳ Ὡ ϳ Ὡ Ὡ ϳ         όнΦуύ 
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desired signal, the spectrometer performs a Fourier transform on the electric field and 

then squares it as below: 

Ὓ‫  θ Ὁὸ  Ὁ ὸὩ Ὠὸ 

 θὍ‫ ςᴘ ὉὸὩ ὨὸȢ Ὁ ὸὩ Ὠὸ  Ὅ ‫  

Ὅ‫  ςᴘ Ὁ‫Ȣ  Ὁ ‫                                                                           (2.11) 

The detected signal is the sum of the spectrum of the laser pulse (Ὅ‫  and an 

interference between Ὁὸ ὥὲὨ Ὁ ὸ, and Ὅ ‫  which results in the spectrum of the 

signal Ὁ . The interference mentioned above is a consequence of both the signal and 

the laser pulse reaching the detector which known as the emitted field is heterodyned by 

E.4,5 

Experimental Set-up 

A Ti:Sapphire uses passive modelock emits laser pulsed with the bandwidth of 

approximately 80 fs. Due to the nature of modelocking, the energy of the pulses is 

significantly low. Therefore, to increase the energy of these pulses, they are amplified 

through a process called chirped pulse amplification (CPA) in the regenerative amplifier. 

In short, a pump laser of 532 nm excites another Ti:Sapphire crystal where the chirped 

pulses passes through the crystal about 20 times in order to get amplified to a higher 

ŜƴŜǊƎȅ Ғр ²Φ ¢Ƙƛǎ pulse is then compressed and pumps an optical parametric amplifier 
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(OPA) to generated IR pulses.  By utilizing different frequency generator, the output 

frequency of the IR pulses can be tuned to the desired frequency for the system under 

study (4 to 7 µm). The mid IR pulses have a large bandwidth to cover the spectral region 

of interest. The output laser pulse from OPA is split into 4 pulses by utilizing ZnSe beam 

splitters to generate the wavevectors of Ὧᴆ ȟὯᴆ , Ὧᴆ, Ὧᴆ in a box-CARS geometry. The 

timing between the pulses are tuned via translational stages (nanomovers). The times 

ōŜǘǿŜŜƴ ǇǳƭǎŜǎ м ŀƴŘ н ŀƴŘ ōŜǘǿŜŜƴ ǇǳƭǎŜǎ н ŀƴŘ о ŀǊŜ ŎŀƭƭŜŘ ˍ ŀƴŘ ¢w, respectively. The 

ǾƛōǊŀǘƛƻƴŀƭ ŜŎƘƻ ǎƛƎƴŀƭǎ ŀǊŜ ǊŜŎƻǊŘŜŘ ōȅ ǎŎŀƴƴƛƴƎ ˍ ŀt fixed Tw.  The echo signal is spatially 

and temporally overlapped with a local oscillator for heterodyne detection, allowing for 

a greater amplitude and the information for the phase which will be incorporated for the 

further Fourier transform. The combined pulse (echo and LO) is dispersed by a grating in 

a monochromator into a liquid nitrogen-cooled 64 element mercury cadmium telluride 

(MCT) array detector 

2D IR measurements are collected in the time domain, but the experimental 2D IR 

spectrum is in frequency domain. Using Fourier transforms, the time domain data can be 

converted to the frequency domain by incorporating the amplitude and the phase 

information from the heterodyned signal. 67 

 

Typical 2D IR spectra 

A FTIR spectrum of a mode shows a single absorption peak at a wavecenter for the desired 

vibrational frequency. The 2D IR spectrum of the same transition includes two out-of-
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phase transitions. A positive band (red) for the ’ π ρ along the diagonal. ’ is the 

vibrational quantum number for this transition. The negative peak shown in blue is 

anhamonically shifted from the positive band (ҟ) corresponds to ’ ρ ς transition. 

At early time Tw, these diagonal peaks are typically elongated along the diagonal due to 

inhomogeneous broadening of the distributions of frequencies. The more circular shaped 

2D peaks will appear for just homogeneously broadening. The time-dependent 

inhomogeneous broadening of frequencies will cause the 2D peaks to become more 

circular at later waiting times.  

The vibrational dynamics in biological systems can be monitored due to the ability of 2D 

IR to separate the homogenous and inhomogeneous line widths.  

In the case of multiple transitions present, as in protein systems, commonly cross peaks 

will appear at the off-diagonal in 2D spectra. The presence of these cross peaks is directly 

related to the vibrational coupling strength between the modes. Cross peaks reveal the 

joint frequency distributions of the two coupled probes under study. The out-of-phase 

pairs of cross peaks are separated by the off-diagonal anharmonicity (ɻ). This 

anharmonicity relates to the vibrational coupling strength between the modes which is 

directly due to the molecular geometry (angle and distance between the dipoles). These 

cross peaks can reveal structural information which can uncover the vibrational coupling 

strength. 

The 2D IR spectrum can be predicted by the anharmonic feature of the chemical bond. 

The theoretical development of 2D IR spectroscopy depends on an anharmonic local 
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mode description of the molecules. The delocalized vibrations can be obtained from the 

local modes. 2D IR spectroscopy can investigate vibrational excitons as it corresponds to 

three-dimensional structure of a molecule. Understanding the vibrational coupling can 

help with the structural determination feature of the 2D IR spectroscopy.  

We can write the Hamiltonian as:  

Ὄ В ᴐ‫ὦὦ  В В ‍ ὦὦ В В ᴐЎ ὦὦὦὦ  Ὄ           (2.12) 

N is the number of oscillators, ‍  is the coupling between oscillators, is the ‫ 

fundamental frequency, ҟ is the anharmonicity of the oscillator, Ὄ  is the system bath 

Hamiltonian which related to the fluctuations in the local mode energies and the desired 

couplings. 

If we consider to coupled transitions, the total Hamiltonian in the local mode basis can be 

written as below: 

Ὄ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
π π π π π π
π ᴐ‫ ‍ π π π
π ‍ ᴐ‫ π π π

π π π ςᴐ‫ Ў π Ѝς‍

π π π π ςᴐ‫ Ў Ѝς‍

π π π Ѝς‍ Ѝς‍ ᴐ‫ ᴐ‫Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

 

The linear absorption signal can be calculated by the single excited state energies. The 

Eigenvalues can be written as: 

Ὁȟ  
ᴐ ᴐ  ᴜ  ᴐ ᴐ

                      (2.13) 
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The excitonic transition dipoles from linear combinations of the local mode transition 

dipoles can be calculated from the eigenvectors. 

For the weak coupling limit, ‍ Ḻȿᴐ‫ ᴐ‫ȿ; therefore, the energies of the excited 

states that are localized into individual chromophores can be written as: 

Ὁȟ ᴐ‫ȟᶸᴐ ᴐ
                      (2.14) 

For the strong coupling limit, ‍ ḻȿᴐ‫ ᴐ‫ȿ; therefore, the excitonic states become 

completely delocalized: The splitting of the excitonic energies is: 

Ὁȟ
ᴐ ᴐ

ᶸ‍                           (2.15) 

In the case of two-exciton Hamiltonian, we need to consider anharmonicities of 

oscillators. The cross peaks are separated by ɻ , the separation between the ground-state 

bleach and excited-state absorption is Ў , therefore: 

Ў  τ‏
ᴐ ᴐ

                 (2.16) 

To translate the determined coupling to a molecular structure, different models relating 

the three-dimensional positions of the atoms to calculated excitonic frequencies and 

transition dipoles, can be utilized. These coupling models are commonly parameterized 

by quantum mechanical calculations. 
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One of the simplest coupling models is the transition dipole coupling (TDC). The local 

mode transition dipole interaction with the other dipole is via through-space and not 

through-bond. The coupling ‍ between dipole can be written as:8 

‍  
Ȣᴆᴆ

σ
ᴆ Ȣᴆ ᴆ Ȣᴆ

                     (2.17) 
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Figure 2-1. a) the ⱨ  ╪▪▀  vibrational states, b) Feynman diagram, and c) schematic 

of experimental setup for linear IR spectroscopy 

 

 

 

 

a b 

c 
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Figure 2-2. Typical details of a 2D IR spectrum a) Single transition diagonal peaks and b) 

Multiple transitions cross peaks 

 

 

 

a) 

b) 
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Figure 2-3- Photon echo experimental setup 
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Raw data (T,̱, )˂
Time Domain data 

(T,̱ ,t)
Frequency Domain 

data (T,̟ ,̱ t̟)

Figure 2-4. Data analysis for 2D IR measurements 
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Figure 2-5. The potential energy curve for an anharmonic oscillator (left), 

Feynman diagram for third-order response 



32 

 

 

 

 

Figure 2-6. Possible Feynman diagram for third-order nonlinear spectroscopy A) 

rephasing B) non-rephasing 

 

 

 

  

 

 

{ǘƛƳǳƭŀǘŜŘ ŜƳƛǎǎƛƻƴ 9ȄŎƛǘŜŘ ǎǘŀǘŜ ŀōǎƻǊǇǘƛƻƴ 

. 

! 

DǊƻǳƴŘ ǎǘŀǘŜ ōƭŜŀŎƘƛƴƎ 

Ὑ  ἂ” ‘ π‘ † ‘ † ‘ † ἃ 

Ὑ  ἂ” ‘ π‘ † ‘ † ‘ † ἃ 

Ὑ  ἂ” ‘ π‘ † ‘ † ‘ † ἃ 

Ὑ  ἂ” ‘ π‘ †‘ † ‘ † ἃ Ὑ  ἂ” ‘ π‘ † ‘ † ‘ † ἃ 

Ὑ  ἂ” ‘ π‘ †‘ † ‘ † ἃ 

Ὑ  ἂ” ‘ π‘ † ‘ † ‘ † ἃ 

Ὑ  ἂ” ‘ π‘ † ‘ † ‘ † ἃ 
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Chapter III. Tyrosine as a Non-perturbing Site-Specific Vibrational Reporter for Protein 

Dynamics 

This work has been published in: Farzaneh Chalyavi, David G. Hogle, Matthew J. Tucker, J. Phys. 

Chem. B 2017, 121, 26, 6380-63891 

¢ƘŜ ŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ƻŦ ǇǊƻǘŜƛƴǎ ƛǎ ǇƛǾƻǘŀƭ ǘƻ ŘŜǘŜǊƳƛƴƛƴƎ 

ǘƘŜƛǊ ŘȅƴŀƳƛŎ ƴŀǘǳǊŜ ŘǳǊƛƴƎ Ƴŀƴȅ ōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎΦ CƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜΣ ǘƘŜ ǳǘƛƭƛǘȅ ƻŦ ǘƘŜ 

ǘȅǊƻǎƛƴŜ ǊƛƴƎ ōǊŜŀǘƘƛƴƎ ǾƛōǊŀǘƛƻƴ ŀǎ ŀ ǎŜƴǎƛǘƛǾŜ ƛƴŦǊŀǊŜŘ ǊŜǇƻǊǘŜǊ ŦƻǊ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ƭƻŎŀƭ 

ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƛƴ ǇǊƻǘŜƛƴ ƛǎ ƛƴǾŜǎǘƛƎŀǘŜŘΦ ±ŀǊƛŀǘƛƻƴǎ ƛƴ ǘƘŜ ōŀƴŘǿƛŘǘƘ ƻŦ ǘƘƛǎ ǾƛōǊŀǘƛƻƴŀƭ 

ǘǊŀƴǎƛǘƛƻƴ ƛƴ ŀ ǾŀǊƛŜǘȅ ƻŦ ǎƻƭǾŜƴǘǎ ƛƴŘƛŎŀǘŜ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘ ŀŦŦŜŎǘ ǘƘŜ 

ƛƴƘƻƳƻƎŜƴŜƻǳǎ ōǊƻŀŘŜƴƛƴƎ ŀƴŘ ǘƘǳǎ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴΦ ¢ƘŜ ǊƛƴƎ ƳƻŘŜ ƛǎ 

ƛƴŦƭǳŜƴŎŜŘ ōȅ ŘƛǊŜŎǘ ŀƴŘ ƛƴŘƛǊŜŎǘ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ 

ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ǎƻƭǾŜƴǘ ƳƻƭŜŎǳƭŜǎΦ aƻƭŜŎǳƭŀǊ ŘȅƴŀƳƛŎǎ ǎƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǘƻ 

ƻōǘŀƛƴ ŀ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƛƴŘǳŎŜŘ ōȅ ǘƘŜ ǎƻƭǾŜƴǘ ƻƴ ǘƘŜ ƳƻŘŜ ŀƴŘ 

ǘƘŜ ƻōǎŜǊǾŜŘ ǾƛōǊŀǘƛƻƴŀƭ ōŀƴŘǿƛŘǘƘΦ aƻǊŜƻǾŜǊΣ ¢ǊǇπŎŀƎŜ ǿŀǎ ǎȅƴǘƘŜǎƛȊŜŘ ŀǎ ŀ ƳƻŘŜƭ 

ǇŜǇǘƛŘŜ ǎȅǎǘŜƳ ǘƻ ŀŎŎŜǎǎ ǘƘŜ ŜŦŦƛŎŀŎȅ ƻŦ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ǘƻ ǇǊŜŘƛŎǘ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ 

ǎǘǊŜƴƎǘƘ ǿƛǘƘƛƴ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜ ƻŦ ǘƘŜ ƴŀǘƛǾŜ ŀƴŘ ŘŜƴŀǘǳǊŜŘ ǎǘŀǘŜǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΦ 

¢ƘŜ н5 Lw ǎǇŜŎǘǊŀ ƻŦ ǘȅǊƻǎƛƴŜ ƛƴ ŘƛƳŜǘƘȅƭ ǎǳƭŦƻȄƛŘŜ ό5a{hύ ŀƴŘ ǿŀǘŜǊ ό5нhύ ǎƘƻǿ ŀ ǘǿƻπ

ŦƻƭŘ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ǘƛƳŜ Ŏƻƴǎǘŀƴǘ ƻŦ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ŘȅƴŀƳƛŎǎ ŀƭƭǳŘƛƴƎ ǘƻ ǘƘŜ ŘŜǇƘŀǎƛƴƎ 

 
1 Reproduced with permission from Farzaneh Chalyavi, David G. Hogle, Matthew J. Tucker, J. Phys. 

Chem. B 2017, 121, 26, 6380-6389. Copyright 2017.American Chemical Society.  
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ƳŜŎƘŀƴƛǎƳǎ ƻŦ ǘƘŜ ǾƛōǊŀǘƛƻƴ ŀƴŘ ǎǳǇǇƻǊǘƛƴƎ ǘƘŜ ƳƻŘŜƭ Ǉǳǘ ŦƻǊǘƘ ŀōƻǳǘ ǘƘŜ 

ǎƻƭǾŀŎƘǊƻƳŀǘƛŎ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴΦ 

Introduction 

tǊƻǘŜƛƴǎ ŀƴŘ ǇŜǇǘƛŘŜǎ ǊŜƭȅ ƻƴ ƪŜȅ ǎƛŘŜŎƘŀƛƴ ƛƴǘŜǊŀŎǘƛƻƴǎ ǘƻ ǇǊƻǾƛŘŜ ǎǘŀōƛƭƛǘȅ ƛƴ ǎǘǊǳŎǘǳǊŜ 

ŀƴŘ ƻǾŜǊŀƭƭ ŦǳƴŎǘƛƻƴΣмςп ǎǳŎƘ ŀǎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǎǘǊƻƴƎ ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜǎ ƻǊ ŀ ƳŜŀƴǎ ƻŦ 

ǊŜƎǳƭŀǘƛƻƴ ŀǎ ƛƴ ƛƻƴ ŎƘŀƴƴŜƭǎΦ рςт 5ȅƴŀƳƛŎ ŀŎǘƛǾŜ ōƛƻƳƻƭŜŎǳƭŜǎ ŜȄǇƭƻƛǘ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ 

ŎƘŀƴƎŜǎ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ƛƴǘŜǊŀŎǘƛƻƴǎ ǘƻ ǇŜǊŦƻǊƳ ǘƘŜƛǊ ǊŜǉǳƛǎƛǘŜ ōƛƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴǎΦ .ƻǘƘ 

ǎǘŀǘƛŎ ŀƴŘ ŘȅƴŀƳƛŎ ōŜƘŀǾƛƻǊ ƛǎ ƎƻǾŜǊƴŜŘ ōȅ ǎǳōǘƭŜ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ 

ǎƛŘŜ ŎƘŀƛƴ ƳƻƛŜǘƛŜǎΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜǎŜ ǇǊƻŎŜǎǎŜǎ Ǿƛŀ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ŎƘŀƴƎŜǎ ƛƴ ƭƻŎŀƭ 

ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿƛǘƘƛƴ ŀ ǇǊƻǘŜƛƴ ǊŜǉǳƛǊŜǎ ŀ ǎǇŜŎǘǊƻǎŎƻǇƛŎ ǇǊƻōŜ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ǊŜƎƛƻƴ ƻŦ 

ǘƘŜ ǇŜǇǘƛŘŜ ǿƘŜǊŜ ǘƘŜ ŀŎǘƛƻƴ ǘŀƪŜǎ ǇƭŀŎŜΦ DŜƴŜǊŀƭƭȅΣ ǎǇŜŎǘǊƻǎŎƻǇƛŎ ǊŜǇƻǊǘŜǊǎκǇǊƻōŜǎ ŀƭƭƻǿ 

ŘŜǘŜŎǘƛƻƴ ƻŦ ƭƻŎŀƭ ŎƻƴŦƻǊƳŀǘƛƻƴǎΣ у ŘƛŦŦŜǊŜƴǘ ǎƻƭǾŀǘƛƻƴ ǎǘŀǘŜǎΣ ф ŜƭŜŎǘǊƻǎǘŀǘƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎΣ 

мл ŀƴŘ ǇŜǇǘƛŘŜ ƻǊ ǇǊƻǘŜƛƴ ŘȅƴŀƳƛŎǎΦмΣмм  9ȄŀƳǇƭŜǎ ƻŦ ǇǊƻōŜǎ ǎǳƛǘŀōƭŜ ŦƻǊ ǘƘƛǎ ǘŀǎƪ ƛƴŎƭǳŘŜ 

ǘƘŜ ŀƳƛŘŜ L ŀƴŘ ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘǎ ŦƻǊ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊƻǎŎƻǇȅ ŀǎ ǿŜƭƭ ŀǎ ŀǊƎƛƴƛƴŜ ƎǳŀƴƛŘȅƭ 

ƳƻŘŜǎΣмнΣмо ǘƘŜ ŀǊƻƳŀǘƛŎ ŀƳƛƴƻ ŀŎƛŘǎ ŦƻǊ ŦƭǳƻǊŜǎŎŜƴŎŜ ǎǇŜŎǘǊƻǎŎƻǇȅ ŀƴŘ ŀōǎƻǊǇǘƛƻƴ 

ǎǇŜŎǘǊƻǎŎƻǇȅΣ мп ŀƴŘ ǎǳƭŦǳǊ ǊŀŘƛŎŀƭǎ ŦƻǊ 9tw ǎǇŜŎǘǊƻǎŎƻǇȅΦмр 

±ƛōǊŀǘƛƻƴŀƭ ǎǇŜŎǘǊƻǎŎƻǇȅ ƛǎ ŜǎǇŜŎƛŀƭƭȅ ǳǎŜŦǳƭ ŦƻǊ ǎǘǳŘȅƛƴƎ ŎƘŀƴƎŜǎ ƛƴ ŎƻƴŦƻǊƳŀǘƛƻƴǎ ŀƴŘ 

ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ŘȅƴŀƳƛŎǎ ƻŦ ōƛƻƭƻƎƛŎŀƭ ƳƻƭŜŎǳƭŜǎ ōȅ ǇǊƻǾƛŘƛƴƎ ŘŜǘŀƛƭŜŘ ƛƴŦƻǊƳŀǘƛƻƴ 

ŀōƻǳǘ ǎƛŘŜŎƘŀƛƴ ŀƴŘ ōŀŎƪōƻƴŜ ŎƻƴŦƻǊƳŀǘƛƻƴǎ ŀƴŘ ǘƘŜƛǊ ǎǳǊǊƻǳƴŘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘǎΦмΣоΣмсΣмт 

.ƻǘƘ ǘǿƻ ŘƛƳŜƴǎƛƻƴŀƭ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊƻǎŎƻǇȅ όн5 Lwύ ŀƴŘ Lw ǎǇŜŎǘǊƻǎŎƻǇȅ ƘŀǾŜ ōŜŜƴ 
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ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜǎ Ǿƛŀ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎƛŜǎ 

ŀƴŘ ƻǾŜǊŀƭƭ ƭƛƴŜ ǎƘŀǇŜǎ ƻŦ ǘƘŜ ŀƳƛŘŜ L ōŀƴŘ όмсллπмтлл ŎƳπмύΦмсΣмуςнм  

¢ƘŜ ŀōƛƭƛǘȅ ƻŦ н5πLw ǇƘƻǘƻƴ ŜŎƘƻ ǎǇŜŎǘǊƻǎŎƻǇȅ ǘƻ ƻōǘŀƛƴ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛȊŜ ǳƭǘǊŀŦŀǎǘ 

ǎǘǊǳŎǘǳǊŀƭ ŘȅƴŀƳƛŎǎннΣно Ƙŀǎ ōŜŜƴ ǳǘƛƭƛȊŜŘ ǘƻ ǳƴŎƻǾŜǊ Ŧŀǎǘ ŎƘŜƳƛŎŀƭ ŜȄŎƘŀƴƎŜΣно ŜƴŜǊƎȅ 

ǘǊŀƴǎŦŜǊ ǿƛǘƘƛƴ ƳƻƭŜŎǳƭŜǎΣнп ƛƴǘŜǊ ŀƴŘ ƛƴǘǊŀπƳƻŘŜ ŎƻǳǇƭƛƴƎΣноΣнрςнуŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ 

ǎƻƭǾŜƴǘǎ ŀƴŘ ǎƻƭǳǘŜΦнуΣнф Lƴ ǇŀǊǘƛŎǳƭŀǊΣ н5 Lw Ƙŀǎ ŎŀǇǘǳǊŜŘ ƳƻƭŜŎǳƭŀǊ ƳƻǾƛŜǎ ƻŦ ǘƘŜ ǿƛƎƎƭƛƴƎ 

ŀƴŘ ƧƛƎƎƭƛƴƎ ƻŦ IL± ƛƴƘƛōƛǘƻǊǎ ƛƴ ŀ ōƛƴŘƛƴƎ ǇƻŎƪŜǘΣол ǇǊƻǘŜƛƴ ŎƻƴŦƻǊƳŀǘƛƻƴ ŎƘŀƴƎŜǎ ŘǳŜ ǘƻ 

ƳǳǘŀǘƛƻƴǎΣомΣон о5 ǎǘǊǳŎǘǳǊŜǎ ƻŦ ŀ ǘǊŀƴǎƳŜƳōǊŀƴŜ ƘŜƭƛȄ ŘƛƳŜǊΣнт ŀƴŘ  ǿŀǘŜǊ Ŧƭƻǿ ǿƛǘƘƛƴ 

LƴŦƭǳŜƴȊŀ !aн ǘǊŀƴǎƳŜƳōǊŀƴŜ ŎƘŀƴƴŜƭΣмт ŀƴŘ ŜǾŜƴ ƴƻƴπŜǉǳƛƭƛōǊƛǳƳ ŘȅƴŀƳƛŎǎ ƻŦ 

ǇŜǇǘƛŘŜǎΦоо 

н5 Lw ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǳōƛǉǳƛǘƛƴ ŀƴŘ ǊƛōƻƴǳŎƭŜŀǎŜ ! ƘŀǾŜ ǳǘƛƭƛȊŜŘ ǘƘŜ ŀƳƛŘŜ L ǊŜƎƛƻƴ ǘƻ 

ƻōǎŜǊǾŜ ƭƻǎǎ ƻŦ  π̡ǎƘŜŜǘ ŎƻƴǘŜƴǘ ŀƴŘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǊŀƴŘƻƳ Ŏƻƛƭ ǎǘǊǳŎǘǳǊŜ ŀŦǘŜǊ ǘƘŜǊƳŀƭ 

ǳƴŦƻƭŘƛƴƎΦоп {ǘǊǳŎǘǳǊŀƭ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ Ǿƛŀ ǘƘŜ ŀƳƛŘŜ L ǘǊŀƴǎƛǘƛƻƴ Ƙŀǎ ŀƭǎƻ ǳƴŎƻǾŜǊŜŘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ πhƘŜƭƛȄ ƛƴ ƳȅƻƎƭƻōƛƴоп ŀƴŘ ŀƴǘƛπǇŀǊŀƭƭŜƭ π̡ǎƘŜŜǘ ƛƴ ŎƻƴŎŀƴŀǾŀƭƛƴ !Φоп Lƴ 

ŀƴƻǘƘŜǊ ǎǘǳŘȅΣ ǘƘŜ Ǌŀǘƛƻ ƻŦ π̡ǎƘŜŜǘ ŀƴŘ ǊŀƴŘƻƳ Ŏƻƛƭ ǎǘǊǳŎǘǳǊŜǎ ŘǳǊƛƴƎ ǘƘŜ ŀƳȅƭƻƛŘ 

ŦƻǊƳŀǘƛƻƴ ƻŦ ƘǳƳŀƴ ƛǎƭŜǘ ŀƳȅƭƻƛŘ ǇƻƭȅǇŜǇǘƛŘŜ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ŘŜǘŜŎǘŜŘΦор !ƭǘƘƻǳƎƘ ǳǎŜŦǳƭΣ 

ƻƴŜ ƭƛƳƛǘŀǘƛƻƴ ƻŦ ǘƘŜ ōǊƻŀŘ ŀƳƛŘŜ L ǘǊŀƴǎƛǘƛƻƴ ƛǎ ǘƘŀǘ ƛǘ ŘƻŜǎ ƴƻǘ ŎŀǇǘǳǊŜ ƭƻŎŀƭ 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƻǊ ǎƛǘŜςǎǇŜŎƛŦƛŎ ŘȅƴŀƳƛŎǎ ƛƴ ǘƘŜ ǊŜƎƛƻƴ ǿƘŜǊŜ Ƴƻǎǘ ǇŜǇǘƛŘŜκǇǊƻǘŜƛƴ 

ŀŎǘƛǾƛǘȅ ǘǊŀƴǎǇƛǊŜǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ǿƘƛƭŜ ƛǎƻǘƻǇŜ ƭŀōŜƭƛƴƎ Ŏŀƴ ǎƘƛŦǘ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ 

ƻŦ ŀ ǎƛƴƎƭŜ ǊŜǎƻƴŀƴŎŜ ǘƻ ƛǎƻƭŀǘŜ ǎǇŜŎƛŦƛŎ ōŀŎƪōƻƴŜ ŀƳƛŘŜ L ǘǊŀƴǎƛǘƛƻƴǎΣ ǘƘŜ ŀōǎƻǊōŀƴŎŜ 

ƻŦǘŜƴ ƛǎ ƻōǎŎǳǊŜŘ ōȅ ǎƛŘŜ ŎƘŀƛƴ ŀōǎƻǊǇǘƛƻƴǎ ǘƘŀǘ ǎǇŜŎǘǊŀƭƭȅ ƻǾŜǊƭŀǇΦмф  
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CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ƴƻƴπƴŀǘǳǊŀƭ ŀƳƛƴƻ ŀŎƛŘ ǎƛŘŜ ŎƘŀƛƴ ǇǊƻōŜǎΣ ǎǳŎƘ ŀǎ ŎȅŀƴƻπΣ ŀȊƛŘƻπΣ 

ƛǎƻƴƛǘǊƛƭŜΣ ǎŜƭŜƴƻŎȅŀƴŀǘŜ ŀƴŘ ǘƘƛƻŎȅŀƴŀǘŜΣ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ǘƻ ǘǊŀŎƪ ǘƘŜ ŘȅƴŀƳƛŎǎ 

ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǎƛŘŜŎƘŀƛƴ ǊŜƎƛƻƴΦнрΣосςоф ¢ƘŜ ǳǘƛƭƛǘȅ ƻŦ ǘƘŜǎŜ ƴƻƴπƴŀǘƛǾŜ ǇǊƻōŜǎ ƘŀǾŜ ōŜŜƴ 

ŜȄǘŜƴŘŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ŘȅƴŀƳƛŎǎ ōƻǘƘ ƛƴ ǾƛǾƻплΣпмŀƴŘ ƛƴ ǾƛǘǊƻΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ŦƻǊ ŎŀǇǘǳǊƛƴƎ 

ŎƘŀƴƎŜǎ ƛƴ ƭƻŎŀƭ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘǎ ŀƴŘ ŘŜƎǊŜŜ ƻŦ ƘȅŘǊŀǘƛƻƴ ŀǘ ŘƛǎǘƛƴŎǘ ƭƻŎŀǘƛƻƴǎ ƛƴ ǎƻƭǳōƭŜ 

ǇǊƻǘŜƛƴǎ ŀƴŘ  ƳŜƳōǊŀƴŜ ōƛƴŘƛƴƎ ǇǊƻǘŜƛƴǎΦ мςпΣфΣпн 9ȄǘǊƛƴǎƛŎ ǇǊƻōŜǎ ƘŀǾŜ ǳƴŎƻǾŜǊŜŘ 

ŘȅƴŀƳƛŎǎ ƛƴ ŀŎǘƛǾŜ ǎƛǘŜǎ ƻŦ ŜƴȊȅƳŜǎΣ ōƛƴŘƛƴƎ ǘƻ ƳȅƻƎƭƻōƛƴΣ ŀƴŘ ŀƳȅƭƻƛŘ ŦƻǊƳŀǘƛƻƴΦмς

пΣмлΣорΣплΣпнςпр 

!ƭǘƘƻǳƎƘ ǘƘŜ ǳǘƛƭƛǘȅ ƻŦ ŜȄǘǊƛƴǎƛŎ ǇǊƻōŜǎ Ƙŀǎ ōŜŜƴ ŜǎǘŀōƭƛǎƘŜŘΣ ŀƴ ŀǇǇǊƻŀŎƘ ƛƴǾƻƭǾƛƴƎ ŀƴ 

ƛƴǘǊƛƴǎƛŎ ŀƳƛƴƻ ŀŎƛŘ ǎƛŘŜŎƘŀƛƴ ǇǊƻōŜ ǿƻǳƭŘ ŀǾƻƛŘ ŀƴȅ ǳƴƴŜŎŜǎǎŀǊȅ ǇŜǊǘǳǊōŀǘƛƻƴǎ ǘƻ ǘƘŜ 

ǎȅǎǘŜƳΣ ǿƘƛŎƘ ǿƻǳƭŘ ōŜ ƻŦ ǎƛƎƴƛŦƛŎŀƴǘ ǾŀƭǳŜ ƛƴ ƭŀǊƎŜǊ ǇǊƻǘŜƛƴǎΦ ¢ȅǊƻǎƛƴŜ ό¢ȅǊύ ƛǎ ŀ ƴŀǘƛǾŜ 

ŀƳƛƴƻ ŀŎƛŘΣ ŎƻƴǘŀƛƴƛƴƎ ŀ ǇƘŜƴȅƭ ǎƛŘŜŎƘŀƛƴΣ ŀƴŘ ƛǘ ƛǎ ŦƻǳƴŘ ƛƴ Ƴŀƴȅ ǇŜǇǘƛŘŜǎ ŀƴŘ ǇǊƻǘŜƛƴǎΦ  

¢ƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ  Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƘŀǾŜ ǎŜǾŜǊŀƭ ǊƛƴƎ ōǊŜŀǘƘƛƴƎ ƳƻŘŜǎ ǿƘƛŎƘ Ŏŀƴ ōŜ 

ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳΦпс hƴŜ ƻŦ ǘƘŜǎŜ ǊƛƴƎ ōǊŜŀǘƘƛƴƎ ƳƻŘŜǎΣ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 

мΣ Ƙŀǎ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ŀ ǇƻǘŜƴǘƛŀƭƭȅ ǇǊƻƳƛǎƛƴƎ ǾƛōǊŀǘƛƻƴŀƭ ǊŜǇƻǊǘŜǊΦпт  ¢ȅǊƻǎƛƴŜ ƛǎ 

ǳōƛǉǳƛǘƻǳǎ ƛƴ ǇǊƻǘŜƛƴ ǎȅǎǘŜƳǎ ŀƴŘ Ƴŀƴȅ ǘƛƳŜǎ Ǉƭŀȅǎ ŀ ǇƛǾƻǘŀƭ ǊƻƭŜ ƛƴ ǎŜǾŜǊŀƭ ōƛƻƭƻƎƛŎŀƭ 

ŦǳƴŎǘƛƻƴǎ ŀƴŘ ŀŎǘƛǾƛǘƛŜǎΦпуΣпф ¢ƘŜ ŀǊƻƳŀǘƛŎ ǎƛŘŜ ŎƘŀƛƴ ƻŦ ǘȅǊƻǎƛƴŜ ƛǎ ƻŦǘŜƴ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ 

ƎŀǘƛƴƎ ƳŜŎƘŀƴƛǎƳǎ ƻŦ ƳŜƳōǊŀƴŜ ǇǊƻǘŜƛƴǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ Ŏŀǘŀƭȅǎǘ ƛƴ ŜƴȊȅƳŀǘƛŎ ŀŎǘƛǾƛǘȅΣ пуΣрл 

ŀƴŘ ǇŜǊŦƻǊƳǎ ŀ ƳŀƧƻǊ ǊƻƭŜ ƛƴ ǇǊƻǘƻƴ ŀƴŘ ŜƭŜŎǘǊƻƴ ǘǊŀƴǎŦŜǊ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ōƛƻƭƻƎƛŎŀƭ ǊŜŀŎǘƛƻƴ 

ǇŀǘƘǿŀȅǎΦрмΣрн ¦ǎƛƴƎ н5 Lw ǎǇŜŎǘǊƻǎŎƻǇȅΣ DŜ ŀƴŘ ŎƻǿƻǊƪŜǊǎ ƳŜŀǎǳǊŜŘ ǎǇŜŎǘǊŀƭ ŘƛŦŦǳǎƛƻƴ ƻŦ 

ǎŜǾŜǊŀƭ ǇƘŜƴƻƭƛŎ ǊƛƴƎ ƳƻŘŜǎ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ƻōǎŜǊǾŜŘ ŎƘŀƴƎŜǎ ǿŜǊŜ ǊŜƭŀǘŜŘ ǘƻ 
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ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ ǘƘŜ ǇƘŜƴƻƭƛŎ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇ ƛƴ ōǳƭƪ ǿŀǘŜǊΦ пт IƻǿŜǾŜǊΣ 

ŀ ƳƻŘŜƭ ǘƘŀǘ ŎƻǊǊŜƭŀǘŜǎ ǘƘŜ ¢ȅǊ ǊƛƴƎ ƳƻŘŜ ǿƛǘƘ ǘƘŜ ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘκƻǊ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ 

Ƙŀǎ ȅŜǘ ǘƻ ōŜ ǊŜŀƭƛȊŜŘΦ  

¦ǎƛƴƎ hƴǎŀƎŜǊ ŦƛŜƭŘ ǘƘŜƻǊȅΣро Ǉŀǎǘ ǎǘǳŘƛŜǎ ƘŀǾŜ ŜǎǘŀōƭƛǎƘŜŘ ŀ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ 

ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ ŀƴŘ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻƴƭȅ ǘŀƪƛƴƎ ƛƴǘƻ ŀŎŎƻǳƴǘ ƛƴǘŜǊŀŎǘƛƻƴǎ 

ŘǳŜ ǘƻ ǘƘŜ ŎƘŀǊƎŜπŘƛǇƻƭŜ ŀǇǇǊƻȄƛƳŀǘƛƻƴΦ ²ƘƛƭŜ ǎƘƻǿƛƴƎ ŀ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ 

ŦǊŜǉǳŜƴŎȅ ŀƴŘ ŦƛŜƭŘ ŘƛǎǘǊƛōǳǘƛƻƴΣ ǘƘƛǎ ƳƻŘŜƭ ŘƛŘ ƴƻǘ ŀŎŎƻǳƴǘ ŦƻǊ ŘƛǊŜŎǘ ŜƭŜŎǘǊƻǎǘŀǘƛŎ 

ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǎǳŎƘ ŀǎ IπōƻƴŘƛƴƎΣ ƭƛƳƛǘƛƴƎ ƛǘǎ ǎǳŎŎŜǎǎ ŘŜǎŎǊƛōƛƴƎ ǇǊƻǘƛŎ ǎƻƭǾŜƴǘǎΦ ¦ǎƛƴƎ 

ƳƻƭŜŎǳƭŀǊ ŘȅƴŀƳƛŎ όa5ύ ǎƛƳǳƭŀǘƛƻƴǎ ŀǎ ǿŜƭƭ ŀǎ ƭƛƴŜŀǊ ǎǘŀǊƪ ǎǇŜŎǘǊƻǎŎƻǇȅΣ .ƻȄŜǊ Ŝǘ ŀƭΦмлΣрп 

ŜǎǘŀōƭƛǎƘŜŘ ŀ ƴŜǿ ƳŜǘƘƻŘ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻƴ ŀ ǾƛōǊŀǘƛƻƴ 

ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ƛǘǎ ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ Ǿƛŀ ƛǘǎ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳΣ ǎƘƻǿƴ ōȅ ǘƘŜ ŦƻƭƭƻǿƛƴƎ 

ŦƻǊƳǳƭŀΥ  

ὊȢᴆ ‘Ƕ  
 

Ўᴆ
Σ 

ǿƘŜǊŜ ὺӶ   ƛǎ ǘƘŜ ƻōǎŜǊǾŜŘ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅΣ ὺӶ ƛǎ ŀ ǊŜŦŜǊŜƴŎŜ ŦǊŜǉǳŜƴŎȅ ŎŀƭƛōǊŀǘŜŘ 

ǘƻ ȊŜǊƻ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΣ Ў‘ᴆ  ƛǎ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ǇǊƻōŜΩǎ ŘƛŦŦŜǊŜƴŎŜ ŘƛǇƻƭŜΣ ǿƘƛŎƘ ƛǎ 

ŘŜŦƛƴŜŘ ōȅ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ {ǘŀǊƪ ŜŦŦŜŎǘǎ ŀƴŘ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǾƛōǊŀǘƛƻƴŀƭ ǎƘƛŦǘǎ 

ǘƻ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΦ ὊȢᴆ ‘Ƕ  ƛǎ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ ǾƛōǊŀǘƛƻƴ ǇǊƻƧŜŎǘŜŘ ƻƴǘƻ 

ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ŘƛǇƻƭŜ ǾŜŎǘƻǊΣ Ў‘ᴆ Φмл tŀȊƻǎ ŀƴŘ ŎƻǿƻǊƪŜǊǎ ŜȄǘŜƴŘŜŘ ǘƘŜ ƳŜǘƘƻŘ ǘƻ 

ŘŜǘŜǊƳƛƴŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ ŜǎǘŜǊ ǘǊŀƴǎƛǘƛƻƴǎ ōȅ ŎƻǊǊŜƭŀǘƛƴƎ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ 

ŦǊŜǉǳŜƴŎƛŜǎ ǿƛǘƘƛƴ ōƻǘƘ ǇǊƻǘƛŎ ŀƴŘ ŀǇǊƻǘƛŎ ǎƻƭǾŜƴǘǎΦп hǘƘŜǊǎ ƘŀǾŜ ǎƘƻǿƴ ǎǳŎƘ ŎƻǊǊŜƭŀǘƛƻƴǎ 

ōŜǘǿŜŜƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀƴŘ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŦƻǊ ƻǘƘŜǊ ƻǎŎƛƭƭŀǘƻǊǎΦмлΣррΣрс 
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IŜǊŜƛƴΣ ǿŜ ŀǘǘŜƳǇǘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ōǊŜŀǘƘƛƴƎ ƳƻŘŜ ǘƻ 

ŎŀǇǘǳǊŜ ŎƘŀƴƎŜǎ ƛƴ ŜƴǾƛǊƻƴƳŜƴǘ ŘǳŜ ǘƻ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀǊƻǳƴŘ ǘƘŜ ǊƛƴƎΦ ! 

ǎƛƳƛƭŀǊ ŀƴŀƭȅǎƛǎ ŀǎ ŘŜǎŎǊƛōŜŘ ŀōƻǾŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƻ ǇǊƻǾƛŘŜ ŀ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ŀ 

ǎǇŜŎǘǊŀƭ ŦŜŀǘǳǊŜ ƻŦ ǘƘŜ ƛƴŦǊŀǊŜŘ ŀōǎƻǊǇǘƛƻƴ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ŀƴŘ ǘƘŜ ƭƻŎŀƭ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΦ 

¢ƘŜ ǳǘƛƭƛǘȅ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ ŀǎ ŀƴ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǊŜǇƻǊǘŜǊ ŦƻǊ ǇǊƻǘŜƛƴ ŘȅƴŀƳƛŎǎ ƛǎ 

ŜǎǘŀōƭƛǎƘŜŘ ǘƘǊƻǳƎƘ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ōŀƴŘǿƛŘǘƘΦ ¢Ƙƛǎ ǎǇŜŎǘǊŀƭ ōŀƴŘǿƛŘǘƘ ƛǎ 

ƪƴƻǿƴ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ōǊƻŀŘŜƴƛƴƎ ƻŦ ǾƛōǊŀǘƛƻƴǎΦ ¢ƘŜ ƻōǎŜǊǾŜŘ ŘƛŦŦŜǊŜƴŎŜǎ 

ƛƴ ōŀƴŘǿƛŘǘƘ ǿŜǊŜ ŦǳǊǘƘŜǊ ŜȄŀƳƛƴŜŘ Ǿƛŀ н5 Lw ǎǇŜŎǘǊƻǎŎƻǇȅ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ƳƻƭŜŎǳƭŀǊ 

ƛƴǘŜǊŀŎǘƛƻƴǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ǎǇŜŎǘǊŀƭ ŘƛŦŦǳǎƛƻƴ ǿƛǘƘƛƴ ǘǿƻ ŘȅƴŀƳƛŎŀƭƭȅ ŘƛǎǘƛƴŎǘ ƭƻŎŀƭ 

ŜƴǾƛǊƻƴƳŜƴǘǎΦ ¢ƻ ǘŜǎǘ ǘƘŜ ŜŦŦƛŎŀŎȅ ƻŦ ƻǳǊ ƳŜŀǎǳǊŜŘ ŎƻǊǊŜƭŀǘƛƻƴ ǘƻ ǇǊŜŘƛŎǘŜŘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ 

ŦǊƻƳ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ōŀƴŘǿƛŘǘƘΣ ŀ ƳƻŘŜƭ ǘȅǊƻǎƛƴŜ ŎƻƴǘŀƛƴƛƴƎ ƳƛƴƛǇǊƻǘŜƛƴΣ ¢ǊǇπŎŀƎŜΣ ǿŀǎ 

ǎȅƴǘƘŜǎƛȊŜŘ ŀƴŘ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿŜǊŜ ƳƻƴƛǘƻǊŜŘ ǿƛǘƘƛƴ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ 

ŎƻǊŜ ƻŦ ¢ǊǇπŎŀƎŜ ƛƴ ƛǘǎ ƴŀǘƛǾŜ ŀƴŘ ŘŜƴŀǘǳǊŜŘ ǎǘŀǘŜǎΦ  

Experimental Methods 

aŀǘŜǊƛŀƭǎΦ bπ!ŎŜǘȅƭ [π¢ȅǊ ŀƳƛŘŜ όbπŎŀǇǇŜŘ ŀƴŘ /πŎŀǇǇŜŘύ ǿŀǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ /ƘŜƳ LƳǇŜȄ 

LƴǘŜǊƴŀǘƛƻƴŀƭΣ LƴŎΦ CƳƻŎπ ŀƳƛƴƻ ŀŎƛŘǎ ǿŀǎ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ !ŘǾŀƴŎŜŘ /ƘŜƳ ¢ŜŎƘ 

ό/ǊŜƻ{ŀƭǳǎύΦ DǳŀƴƛŘƛƴŜ IȅŘǊƻŎƘƭƻǊƛŘŜ ǿŀǎ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ ǘƘŜ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎΦ 

5ŜǳǘŜǊƛǳƳ ƻȄƛŘŜ ǿŀǎ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ ǘƘŜ /ŀƳōǊƛŘƎŜ LǎƻǘƻǇŜ [ŀōƻǊŀǘƻǊƛŜǎΣ LƴŎΦ !ƭƭ ƻǊƎŀƴƛŎ 

ǎƻƭǾŜƴǘǎ ǿŜǊŜ ǇǳǊŎƘŀǎŜŘ ŦǊƻƳ ǘƘŜ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎ όIt[/ ƎǊŀŘŜύ ŀƴŘ ǿŜǊŜ ǳǘƛƭƛȊŜŘ ǿƛǘƘƻǳǘ 

ŦǳǊǘƘŜǊ ǇǳǊƛŦƛŎŀǘƛƻƴΦ  
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{ŀƳǇƭŜ tǊŜǇŀǊŀǘƛƻƴΦ ¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΣ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ 

ǎǇŜŎǘǊŀ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀ ŎƻƳƳŜǊŎƛŀƭ ŘǳŀƭπōŜŀƳ ¦±π±ƛǎ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ 

όtŜǊƪƛƴ9ƭƳŜǊ [ŀƳōŘŀ нрύΦ  ¢ƘŜ ŘŜǎƛǊŜŘ ǇIΣ ǊŀƴƎƛƴƎ ŦǊƻƳ тπмнΣ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǎƻƭǳǘƛƻƴǎ 

ǿŀǎ ŀŎƘƛŜǾŜŘ ōȅ ƳƻƴƛǘƻǊƛƴƎ Ǿƛŀ ŀ ǇI ƳŜǘŜǊ όhǊƛƻƴκ¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎύΦ ¢ǊǇπŎŀƎŜ ǿŀǎ 

ǎȅƴǘƘŜǎƛȊŜŘ ōȅ ǎǘŀƴŘŀǊŘ CƳƻŎ ǎƻƭƛŘπǇƘŀǎŜ ǇǊƻǘƻŎƻƭ ƻƴ ǘƘŜ ŀŀǇǇǘŜŎ CƻŎǳǎ ·/ ǇŜǇǘƛŘŜ 

ǎȅƴǘƘŜǎƛȊŜǊΦ ¢ƘŜ ǇŜǇǘƛŘŜ ǿŀǎ ǇǳǊƛŦƛŜŘ ōȅ ǊŜǾŜǊǎŜπǇƘŀǎŜ It[/ ǿƛǘƘ ±ȅŘŀŎ /му ŎƻƭǳƳƴ ŀƴŘ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ .ǊǳƪŜǊ a![5Lπ¢hC Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΦ 

C¢Lw {ǇŜŎǘǊƻǎŎƻǇȅΦ !ƭƭ Lw ǎǇŜŎǘǊŀ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ƻƴ ŀ ¢ƘŜǊƳƻbƛŎƻƭŜǘ стлл C¢Lw 

ǎǇŜŎǘǊƻƳŜǘŜǊΣ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ŎƻƻƭŜŘ ƳŜǊŎǳǊȅ ŎŀŘƳƛǳƳ ǘŜƭƭǳǊƛŘŜ 

ŘŜǘŜŎǘƻǊΣ ŀǘ м ŎƳπм ǳǎƛƴƎ ŀ ƘƻƳŜƳŀŘŜ ǘǿƻπŎƻƳǇŀǊǘƳŜƴǘ /ŀCн ǎŀƳǇƭŜ ŎŜƭƭ ǿƛǘƘ ŀ рсҡƳ 

¢ŜŦƭƻƴ ǎǇŀŎŜǊΦ ¢ƘŜ ŎŜƭƭ ƛǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘǿƻ ŎƻƳǇŀǊǘƳŜƴǘǎ ǘƻ ŎƻƭƭŜŎǘ Lw ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ 

ǘƘŜ ǊŜŦŜǊŜƴŎŜ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜ ǳƴŘŜǊ ǎƛƳƛƭŀǊ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŘƛǘƛƻƴǎΦ !ƴ ŀǳǘƻƳŀǘŜŘ 

ǘǊŀƴǎƭŀǘƛƻƴ ǎǘŀƎŜ ƳƻǾŜǎ ǘƘŜ ǎŀƳǇƭŜ ŎŜƭƭ ōŜǘǿŜŜƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜ ǎƛŘŜ 

ŎƻƭƭŜŎǘƛƴƎ ŀ ǎƛƴƎƭŜ ōŜŀƳ ǎǇŜŎǘǊǳƳ ŦƻǊ ŜŀŎƘ ǎƛŘŜΦрт CƻǊ ŀƭƭ ǘƘŜ ǎǘǳŘƛŜǎΣ ǘȅǊƻǎƛƴŜ ǿŀǎ ǳǘƛƭƛȊŜŘ 

ǿƛǘƘ ǘƘŜ bπǘŜǊƳƛƴǳǎ ŀŎŜǘȅƭŀǘŜŘ ŀƴŘ /πǘŜǊƳƛƴǳǎ ŀƳƛŘŀǘŜŘΦ 

н5 Lw ƳŜǘƘƻŘǎΦ IŜǘŜǊƻŘȅƴŜŘ ǎǇŜŎǘǊŀƭ ƛƴǘŜǊŦŜǊƻƳŜǘǊȅ ǿŀǎ ǳǘƛƭƛȊŜŘ ŦƻǊ ƻōǘŀƛƴƛƴƎ ǘƘŜ 

ǎǇŜŎǘǊŀΦ CƻǳǊƛŜǊπǘǊŀƴǎŦƻǊƳ ƭƛƳƛǘŜŘ ул Ŧǎ ǇǳƭǎŜǎ ǿƛǘƘ ŀ ŎŜƴǘǊŀƭ ǿŀǾŜƭŜƴƎǘƘ ƻŦ срфм ƴƳ ǿŜǊŜ 

ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ н5 Lw ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘǊŜŜ Ḑм ˃W ƭŀǎŜǊ ǇǳƭǎŜǎ ǿƛǘƘ ǿŀǾŜ ǾŜŎǘƻǊǎ ƪмΣ ƪнΣ ŀƴŘ 

ƪо ǿŜǊŜ ƛƴŎƛŘŜƴǘ ǘƻ ǘƘŜ ǎŀƳǇƭŜ ƎŜƴŜǊŀǘƛƴƎ ŀ ǎƛƎƴŀƭ ƛƴ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƪǎ Ґ ҍƪм Ҍ ƪн Ҍ ƪо ǿƛǘƘ 

ǘƘŜ ƻǊŘŜǊƛƴƎ мно όǊŜǇƘŀǎƛƴƎύ ŀƴŘ нмо όƴƻƴǊŜǇƘŀǎƛƴƎύΦ ¢ƻ ƻōǘŀƛƴ ŀōǎƻǊǇǘƛǾŜ ǎǇŜŎǘǊŀΣ ǘƘŜ 

ǊŜǇƘŀǎƛƴƎ ŀƴŘ ƴƻƴǊŜǇƘŀǎƛƴƎ н5 ŦǊŜǉǳŜƴŎȅ ǎǇŜŎǘǊŀ ǿŜǊŜ ǇǊƻǇŜǊƭȅ ǇƘŀǎŜŘ ŀƴŘ ŎƻƳōƛƴŜŘΦ 
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¢ƻ ƻōǎŜǊǾŜ ŀƴȅ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ ǘƘŜ ǿŀƛǘƛƴƎ ǘƛƳŜΣ ¢Σ ōŜǘǿŜŜƴ ǘƘŜ 

ǎŜŎƻƴŘ ŀƴŘ ǘƘƛǊŘ ǇǳƭǎŜ ǿŀǎ ǾŀǊƛŜŘ ŦǊƻƳ л ǘƻ н ǇǎΦ !ŦǘŜǊ ŀǇǇǊƻǇǊƛŀǘŜ CƻǳǊƛŜǊ ǘǊŀƴǎŦƻǊƳǎ 

ŀƭƻƴƎ ǘƘŜ ŎƻƘŜǊŜƴŎŜΣ ˍΣ ŀƴŘ ŘŜǘŜŎǘƛƻƴΣ ǘΣ ŀȄŜǎΣ ǘƘŜ н5 Lw ǎǇŜŎǘǊŀ ǿŜǊŜ ǇƭƻǘǘŜŘ ŀǎ ˖̱ Ǿǎ ǘ̟Φру  

!ƴ Ḑпл Ƴa ǎƻƭǳǘƛƻƴ ƻŦ ǘȅǊƻǎƛƴŜ ƛƴ 5нh ǿƛǘƘ h5 Ḑ лΦлф ŀƴŘ ŀƴ Ḑфл Ƴa ǎƻƭǳǘƛƻƴ ƻŦ 

ǘȅǊƻǎƛƴŜ ƛƴ 5a{h ǿƛǘƘ h5 Ḑ лΦмф h5 ǿŜǊŜ ǳǘƛƭƛȊŜŘ ŦƻǊ ǘƘŜ н5 Lw ŜȄǇŜǊƛƳŜƴǘΦ 9ŀŎƘ ǎŀƳǇƭŜ 

ǿŀǎ ǇƭŀŎŜŘ ƛƴ ŀ IŀǊǊƛŎƪ ǎŀƳǇƭŜ ŎŜƭƭ ǿƛǘƘ /ŀCн ǿƛƴŘƻǿǎ ǿƛǘƘ ŀ рс Ƴ˃ ǎǇŀŎŜǊΦ 

/ƻƳǇǳǘŀǘƛƻƴŀƭ aŜǘƘƻŘǎΦ 5Ŝƴǎƛǘȅ ŦǳƴŎǘƛƻƴŀƭ ǘƘŜƻǊȅ ό5C¢ύ ŎŀƭŎǳƭŀǘƛƻƴǎ ƻŦ ǘȅǊƻǎƛƴŜ ǿƛǘƘ ŀƴ 

ŀŎŜǘȅƭŀǘŜŘ bπǘŜǊƳƛƴǳǎ ŀƴŘ ŀƴ ŀƳƛŘŀǘŜŘ /πǘŜǊƳƛƴǳǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ .о[¸tκсπ

омҌDϝϝ ƭŜǾŜƭ ƻŦ ǘƘŜƻǊȅ ǿƛǘƘ ƛƳǇƭƛŎƛǘ ǎƻƭǾŀǘƛƻƴ ƳƻŘŜƭ ƻŦ ǿŀǘŜǊ Ǿƛŀ ǘƘŜ ŎƻƴŘǳŎǘƛƴƎ 

ǇƻƭŀǊƛȊŀōƭŜ ŎƻƴǘƛƴǳǳƳ ƳƻŘŜƭ ό/t/aύΦ CǊŜǉǳŜƴŎƛŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦƻƭƭƻǿƛƴƎ ǎǘǊǳŎǘǳǊŀƭ 

ƻǇǘƛƳƛȊŀǘƛƻƴΦ /ŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ ŀƭǎƻ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ǎŀƳŜ ƭŜǾŜƭ ƻŦ ǘƘŜƻǊȅ ǳǎƛƴƎ ŀ 

ǎƛƴƎƭŜ ŜȄǇƭƛŎƛǘ 5a{h ƳƻƭŜŎǳƭŜ ƻǊ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜ ŀǘ ǾŀǊƛƻǳǎ ŘƛǎǘŀƴŎŜǎ ŦǊƻƳ ǘƘŜ ǘȅǊƻǎƛƴŜ 

ǊƛƴƎ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƻǾŜǊŀƭƭ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅΦ ¢ƘŜ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ 

ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ DŀǳǎǎƛŀƴлфΦ 

a5 ǎƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ bŀƴƻǎŎŀƭŜ aƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ όb!a5ύ нΦф ŀƴŘ 

ŦƻǊŎŜ ŦƛŜƭŘ ǇŀǊŀƳŜǘŜǊǎ ŦǊƻƳ /I!waaос ŀƭƭπƘȅŘǊƻƎŜƴ ǘƻǇƻƭƻƎȅ ŀƴŘ ǘƘŜ /DŜƴCC ǘƻǇƻƭƻƎȅΦ 

59 ¢ƘŜ ǘȅǊƻǎƛƴŜ ƳƻƭŜŎǳƭŜ ǿŀǎ ŦƛǊǎǘ ƛƳƳŜǊǎŜŘ ƛƴ ŀ ол) ǎƻƭǾŜƴǘ ōƻȄ ǿƛǘƘ ǇŜǊƛƻŘƛŎ ōƻǳƴŘŀǊȅ 

ŎƻƴŘƛǘƛƻƴǎΦ CƻƭƭƻǿƛƴƎ ŀƴ ƛƴƛǘƛŀƭ н Ǉǎ ŜǉǳƛƭƛōǊŀǘƛƻƴ Ǌǳƴ ŀǘ нфу Y ŀƴŘ м ŀǘƳ ƛƴ ǘƘŜ bt¢ 

ŜƴǎŜƳōƭŜΣ ŀ ǇǊƻŘǳŎǘƛƻƴ Ǌǳƴ ƻŦ мл ƴǎ ŀǘ нфу Y ƛƴ ǘƘŜ b±¢ ŜƴǎŜƳōƭŜ ǿŀǎ ǘƘŜƴ ŎƻƳǇǳǘŜŘΦ 

¢ƘŜ ǘǊŀƧŜŎǘƻǊȅ ǿŀǎ ǎŀǾŜŘ ŜǾŜǊȅ рлл ŦǎΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ŀ ǘƻǘŀƭ ƻŦ нлΣллл ŦǊŀƳŜǎΦ a5 

ǎƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎƻƭǾŜƴǘΥ ǿŀǘŜǊΣ ƳŜǘƘŀƴƻƭΣ ŘƛƳŜǘƘȅƭ 
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ǎǳƭŦƻȄƛŘŜ ό5a{hύΣ ǘǊƛŦƭǳƻǊƻŜǘƘŀƴƻƭ ό¢C9ύΣ ŘƛŜǘƘȅƭ ŜǘƘŜǊ ό9ǘнhύΣ ŀŎŜǘƻƴƛǘǊƛƭŜ ό!/bύΣ ŀƴŘ 

ŎƘƭƻǊƻŦƻǊƳ ό/I/ƭоύΦ ¢ƘŜ ǎǳōǎŜǉǳŜƴǘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǘƛƭƛȊƛƴƎ 

ƳŜǘƘƻŘǎ ŘƛǎŎǳǎǎŜŘ ŦǳǊǘƘŜǊ ƛƴ ǘƘŜ ǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴΦ 

Results and Discussion 

[ƛƴŜŀǊ Lw {ǇŜŎǘǊƻǎŎƻǇȅΦ ¢ƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǊƛƴƎ ƳƻŘŜ ƻŦ ǘƘŜ ǎƛŘŜ ŎƘŀƛƴ ƻŦ 

ǘȅǊƻǎƛƴŜ ƛƴ ǿŀǘŜǊ ŜȄƘƛōƛǘǎ ƻƴŜ ǇŜŀƪ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ ǊŜƎƛƻƴ ōŜǘǿŜŜƴ мрлл ŀƴŘ мтлл ŎƳπм 

όCƛƎǳǊŜ мύΦ ¢ƻ ŎƻƴŦƛǊƳ ǘƘŜ ƛŘŜƴǘƛǘȅ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴǎ ŀƴŘ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŘƛǇƻƭŜ 

ǎǘǊŜƴƎǘƘΣ ŀ 5C¢ ŦǊŜǉǳŜƴŎȅ ŎŀƭŎǳƭŀǘƛƻƴ ǳǎƛƴƎ .о[¸tκсπомҌDϝϝ ƭŜǾŜƭ ƻŦ ǘƘŜƻǊȅ ǿƛǘƘ ŀƴ 

ƛƳǇƭƛŎƛǘ ǎƻƭǾŀǘƛƻƴ ƳƻŘŜƭ ƻŦ ǿŀǘŜǊ ǿŀǎ ŎƻƳǇǳǘŜŘΦ ²ƛǘƘƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ ǊŜƎƛƻƴ ƳŜƴǘƛƻƴŜŘ 

ŀōƻǾŜΣ ǘǿƻ ǾƛōǊŀǘƛƻƴŀƭ ƳƻŘŜǎ ǿŜǊŜ ŦƻǳƴŘ ǿƛǘƘ ŎƻǊǊŜŎǘŜŘ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ мпфф ŀƴŘ мртп 

ŎƳπмΦ 

¢ƘŜ ǎƛƴƎƭŜ ǾƛōǊŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ōǊŜŀǘƘƛƴƎ ƳƻŘŜ ƻŦ ǘƘŜ ǇƘŜƴȅƭ ǊƛƴƎ ƻŦ 

ǘȅǊƻǎƛƴŜ όǇƛŎǘǳǊŜŘ ƛƴ CƛƎǳǊŜ оπмύΣ ƛǎ ƻōǎŜǊǾŜŘ ŀǘ мрмт ŎƳπмΦ 5ŜǎǇƛǘŜ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘǿƻ 

ǊƛƴƎǎ ƳƻŘŜǎ ƛƴ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŎŀƭŎǳƭŀǘƛƻƴΣ ǘƘŜ Lw ƛƴǘŜƴǎƛǘȅ ƻŦ ƻƴŜ ƳƻŘŜ ǿŀǎ ƳǳŎƘ ƭŀǊƎŜǊ 

όōȅ ŀ ŦŀŎǘƻǊ ƻŦ мл ǘƛƳŜǎ ƭŀǊƎŜǊύ ǘƘŀƴ ǘƘŜ ƻǘƘŜǊ ŀƴŘ ŎƻǊǊŜǎǇƻƴŘŜŘ ƳƻǊŜ ŎƭƻǎŜƭȅ ǿƛǘƘ ǘƘŜ 

ŦǊŜǉǳŜƴŎȅ ƻōǎŜǊǾŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅΦ ¢ƘŜ Ŧǳƭƭ ǿƛŘǘƘ ŀǘ ƘŀƭŦ ƳŀȄƛƳǳƳ όC²Iaύ ǿŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ ϤрΦр ŎƳπм ōȅ ŦƛǘǘƛƴƎ ǘƘŜ ƻōǎŜǊǾŜŘ ǎƛƎƴŀƭ ƛƴ ǾƛōǊŀǘƛƻƴŀƭ ǎǇŜŎǘǊǳƳ ǘƻ ŀ 

ǎƛƴƎƭŜ DŀǳǎǎƛŀƴΦ ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘƛǇƻƭŜ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜǉǳŀǘƛƻƴΤсл  

 

ȿ‘ ȿ ωȢρψρπ ᷿ Ὠ‫Σ 
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ǿƘŜǊŜ ˃ ƛǎ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŘƛǇƻƭŜ ǎǘǊŜƴƎǘƘΣ ʶό˖ύ ƛǎ ǘƘŜ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ŦƻǊ ŜŀŎƘ 

ŦǊŜǉǳŜƴŎȅΣ ŀƴŘ ˖ ƛǎ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŦǊŜǉǳŜƴŎȅΦ ¢ƘŜ ǾŀƭǳŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ 

лΦнмоҕлΦлоп 5Φ ¢Ƙƛǎ ƳŜŀǎǳǊŜŘ ǘǊŀƴǎƛǘƛƻƴ ŘƛǇƻƭŜ ǎǘǊŜƴƎǘƘ ǿŀǎ ƛƴ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ 

5C¢ ŎŀƭŎǳƭŀǘŜŘ ǾŀƭǳŜΣ лΦнмр 5Φ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŘŜǇŜƴŘŜƴǘ C¢Lw ŜȄǇŜǊƛƳŜƴǘ όǉǳŀƴǘƛŦƛŜŘ 

ōȅ ŀōǎϪнул ƴƳΤ нʁулƴƳϤмпфл aπмϊŎƳπмύ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ ƛƴ ǿŀǘŜǊ ǿŀǎ ǇŜǊŦƻǊƳŜŘ 

ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǇŜŀƪ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ оср ҕ мп aπмϊŎƳπмΣ ŀǘ мрмт ŎƳπмΦ  ¢ƘŜ 

ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƛǎ ǿŜƭƭ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ŎƻƳƳƻƴƭȅ ǳǎŜŘ 

ǾƛōǊŀǘƛƻƴŀƭ ǇǊƻōŜǎ ǳǘƛƭƛȊŜŘ ŦƻǊ ǇǊƻǘŜƛƴ ŘȅƴŀƳƛŎǎΣ ǎǳŎƘ ŀǎ Ŏȅŀƴƻπ ŀƴŘ ŀƳƛŘŜ ǘǊŀƴǎƛǘƛƻƴǎΦм 

!ƭǘƘƻǳƎƘ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŘƛǇƻƭŜ ƳŀƎƴƛǘǳŘŜ ǎǳƎƎŜǎǘǎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ǘƘƛǎ ƛƴŦǊŀǊŜŘ ǇǊƻōŜΣ 

ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ŀƴȅ ǇǊƻōŜ ŘŜǇŜƴŘǎ ƻƴ ƛǘǎ ŀōƛƭƛǘȅ ǘƻ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ŀƴŘ ŘŜǘŜŎǘ ƭƻŎŀƭ 

ŜƴǾƛǊƻƴƳŜƴǘǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ Ŏȅŀƴƻπ ƭŀōŜƭƭŜŘ ŀƳƛƴƻ ŀŎƛŘǎ ƘŀǾŜ ōŜŜƴ ŜŦŦŜŎǘƛǾŜƭȅ ǳǘƛƭƛȊŜŘ 

ǘƻ ŘŜǘŜǊƳƛƴŜ ǎƛǘŜπǎǇŜŎƛŦƛŎ ƛƴŦƻǊƳŀǘƛƻƴ ŘǳǊƛƴƎ ōƛƴŘƛƴƎΣ ŦƻƭŘƛƴƎΣ ǇŜǇǘƛŘŜπƳŜƳōǊŀƴŜ 

ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǇǊƻǘŜƛƴπƭƛƎŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ŀƴŘ ǘƘŜ ŘŜƘȅŘǊŀǘƛƻƴ ǎǘŀǘǳǎ ƻŦ ŀƴ ŀƴǘƛƳƛŎǊƻōƛŀƭ 

ǇŜǇǘƛŘŜǎΦуΣммΣсм !ƭǘƘƻǳƎƘ ǘƘŜǎŜ ǇǊƻōŜǎ ƘŀǾŜ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ƳƛƴƛƳŀƭƭȅ ǇŜǊǘǳǊōƛƴƎΣ ƛǘ 

ǿƻǳƭŘ ōŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŀŘǾŀƴŎŜ ǘƻ ƘŀǾŜ ŀƴ ƛƴǘǊƛƴǎƛŎ ǾƛōǊŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ 

ōƛƻƳƻƭŜŎǳƭŜ ǘƘŀǘ ŀǾƻƛŘǎ ŀŘǾŜǊǎŜ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ŦǳƴŎǘƛƻƴΦомΣос ¢ȅǊƻǎƛƴŜ ƛǎ 

ŦƻǳƴŘ ǳōƛǉǳƛǘƻǳǎƭȅ ƛƴ ǇǊƻǘŜƛƴ ǎȅǎǘŜƳǎΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ǊƛƴƎ ƳƻŘŜ ǘƻ ǇƻǘŜƴǘƛŀƭƭȅ Ŧƛƭƭ ǘƘŜ ƎŀǇ ŀǎ 

ŀ ƴƻƴπǇŜǊǘǳǊōƛƴƎ ǎƛŘŜ ŎƘŀƛƴ ǇǊƻōŜΦ ¢ƘŜ ǊƛƴƎ ƳƻŘŜ ƻŦŦŜǊǎ ǎƛƳƛƭŀǊ ŀŘǾŀƴǘŀƎŜǎ ǘƻ ǘƘŜ Ŏȅŀƴƻπ 

ƭŀōŜƭǎ ƛƴŎƭǳŘƛƴƎΥ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ ǊŜƎƛƻƴ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ƻǘƘŜǊ 

ǾƛōǊŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴǎ ŦƻǳƴŘ ƛƴ ōƛƻƳƻƭŜŎǳƭŜǎΣ ŀƴŘ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ōŀƴŘ ƛǎ ǎŜƴǎƛǘƛǾŜ ǘƻ ƛǘǎ 

ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ŀǎ ǿƛƭƭ ōŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ōŜƭƻǿΦ ¢ƘŜ ǊƛƴƎ ƳƻŘŜ ƛǎ ŀƭǎƻ ǎǇŜŎǘǊŀƭƭȅ ŘƛǎǘƛƴŎǘ 

ǳƴƭƛƪŜ ǘƘŜ ŎŀǊōƻƴȅƭ ǎǘǊŜǘŎƘŜǎ ŦƻǳƴŘ ǿƛǘƘƛƴ ǘƘŜ ŎƭǳǘǘŜǊŜŘ ŀƳƛŘŜ L ǊŜƎƛƻƴΦ CƛƴŀƭƭȅΣ ǘƘŜ 
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ǾƛōǊŀǘƛƻƴŀƭ ƳƻŘŜ ŜƴŎƻƳǇŀǎǎŜǎ ǘƘŜ ŜƴǘƛǊŜ ǊƛƴƎ ǇǊƻǾƛŘƛƴƎ ŀ ƭŀǊƎŜǊ ΨŀƴǘŜƴƴŀΩ ǘƻ ƛƴǘŜǊŀŎǘ ŀƴŘ 

ŘŜǘŜŎǘ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘΦ  

 

ǇI 5ŜǇŜƴŘŜƴŎŜ ƻŦ ¢ȅǊƻǎƛƴŜΦ ¢ƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ ƛǎ ǎŜƴǎƛǘƛǾŜ ǘƻ ǇI ŎƘŀƴƎŜǎ ǊŜǎǳƭǘƛƴƎ 

ƛƴ ǎƛƎƴƛŦƛŎŀƴǘ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ǘƘŜ ǇŜŀƪ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ǎǇŜŎǘǊǳƳΦ LƴŎǊŜŀǎƛƴƎ ǘƘŜ ǇI 

ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴ ŦǊƻƳ т ǘƻ мн ǊŜŘ ǎƘƛŦǘǎ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ Ϥмт ŎƳπм ŦǊƻƳ мрмт ŎƳπмΦ ¢Ƙƛǎ ǎǇŜŎǘǊŀƭ 

ǎƘƛŦǘ ƛǎ ŎŀǳǎŜŘ ōȅ ǘƘŜ ŘŜǇǊƻǘƻƴŀǘƛƻƴ ƻŦ ǘƘŜ hI ƻƴ ǘƘŜ ǊƛƴƎ όǇYŀ Ϥ млύ ǿƘƛŎƘ ŀƭǘŜǊǎ ǘƘŜ ǊƛƴƎ 

ƳƻŘŜ ŘǳŜ ǘƻ ǊŜǎƻƴŀƴŎŜ ŜŦŦŜŎǘǎΦ Lƴ CƛƎǳǊŜ оπнΣ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ŜŀŎƘ ōŀƴŘ ƛǎ ƳŜŀǎǳǊŜŘ 

ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǇIΦ .ŀǎŜŘ ƻƴ ƴƻǊƳŀƭƛȊŜŘ ǇŜŀƪ ƛƴǘŜƴǎƛǘȅ ǊŀǘƛƻΣ ǘȅǊƻǎƛƴŜ ŀŎǘǎ ŀǎ ŀƴ ƛƴǘŜǊƴŀƭ 

ǇI ƳŜǘŜǊΦ ¢ƘŜ ŘŜǇǊƻǘƻƴŀǘƛƻƴ ƻŦ ǘƘŜ hI ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ ƻōǎŜǊǾŜŘ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ 

ƛƴŦǊŀǊŜŘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƻŎŎǳǊ ŘǳǊƛƴƎ Ƴŀƴȅ ōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎ ǎǳŎƘ ŀǎ ǘƘŜ ŜƴȊȅƳŀǘƛŎ 

ŀŎǘƛǾƛǘȅ ƻŦ ŎȅǘƻŎƘǊƻƳŜ / ƻȄƛŘŀǎŜΣсн ǇǊƻǘƻƴ ǘǊŀƴǎŦŜǊ ƻŦ ƎǊŜŜƴ ŦƭǳƻǊŜǎŎŜƴǘ ǇǊƻǘŜƛƴΣсоΣсп ŀƴŘ 

ŦƛōǊƛƭƭŀǘƛƻƴ ƻŦ ōƻǾƛƴŜ ƛƴǎǳƭƛƴΦср Lǘ ǎƘƻǳƭŘ ŀƭǎƻ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜǊŜ ǿŜǊŜ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ 

ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ōŀƴŘǿƛŘǘƘ ƻǊ ǇŜŀƪ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ǿƘŜƴ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ 

ƛƴŎǊŜŀǎŜŘ ŦǊƻƳ мсπунϲ/ ƛƴ ǿŀǘŜǊΦ όǎŜŜ ǘƘŜ {ǳǇǇƻǊǘƛƴƎ LƴŦƻǊƳŀǘƛƻƴύ  

{ƻƭǾŀŎƘǊƻƳŀǘƛŎ ŜŦŦŜŎǘ ƻŦ ¢ȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜΦ ¢ƻ ŀǎǎŜǎǎ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ǊƛƴƎ ƳƻŘŜ 

ǘƻ ƛǘǎ ǎǳǊǊƻǳƴŘƛƴƎǎΣ ǘƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳ ǿŀǎ ƳŜŀǎǳǊŜŘ ƛƴ ǘǿƻ ǎƻƭǾŜƴǘǎ ǿƛǘƘ ŘƛŜƭŜŎǘǊƛŎ 

Ŏƻƴǎǘŀƴǘǎ ǾŀǊȅƛƴƎ ōȅ плΣ ǿŀǘŜǊ όǊʁ Ϥ улΦмύ ŀƴŘ 5a{h όǊʁ Ϥ псΦтύΦ ¢ƘŜ ǎƻƭǾŀǘƛƻƴ ƛƴ ōǳƭƪ ǿŀǘŜǊ 

ƛǎ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ƻŦ ŜȄǇƻǎŜŘ ǊŜǎƛŘǳŜǎ ƛƴ ŀ ǿŀǘŜǊ ǎƻƭǳōƭŜ ǇŜǇǘƛŘŜǎΣ 

ǿƘƛƭŜ 5a{h ƛǎ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ŜƴǾƛǊƻƴƳŜƴǘ ŦƻǳƴŘ ǿƛǘƘƛƴ ŀ ƳŜƳōǊŀƴŜ 

ŜƴǾƛǊƻƴƳŜƴǘΦсс bƻ ǎǇŜŎǘǊŀƭ ǎƘƛŦǘ ƛƴ ŦǊŜǉǳŜƴŎȅ ƛǎ ƻōǎŜǊǾŜŘ ōǳǘ ǘƘŜǊŜ ƛǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ 
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ƛƴ ōŀƴŘǿƛŘǘƘ όCƛƎǳǊŜ оπоύΦ ¢ƘŜ C²Ia ƻŦ ǘƘƛǎ ǾƛōǊŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴ ƛƴ 5a{h ǿŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ ϤмΦр ǘƛƳŜǎ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ōŀƴŘǿƛŘǘƘ ƛƴ ǿŀǘŜǊΦ  

¢Ƙƛǎ ŎƘŀƴƎŜ ƛƴ ōŀƴŘǿƛŘǘƘ ƛǎ ǎƻƳŜǿƘŀǘ ǳƴŜȄǇŜŎǘŜŘ ōŀǎŜŘ ǳǇƻƴ ǘƘŜ ōŜƘŀǾƛƻǊ ƻŦ ƻǘƘŜǊ 

ǾƛōǊŀǘƛƻƴŀƭ ǇǊƻōŜǎΦ ¦ǎǳŀƭƭȅΣ ŀ ƭŀǊƎŜǊ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǎǘŀǘŜǎ ƛǎ ƻōǎŜǊǾŜŘ 

ǿƛǘƘƛƴ ǿŀǘŜǊ ŘǳŜ ǘƻ ǘƘŜ ŘƛǊŜŎǘ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎ ǘƻ ǘƘŜ ǇǊƻōŜǎ ǘƘŜƳǎŜƭǾŜǎ ŀƴŘ ǘƘŜ 

ƛƴŘƛǊŜŎǘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŘƛǎǘǊƛōǳǘƛƻƴ ōƻǘƘ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ƭŀǊƎŜǊ ƴǳƳōŜǊ ƻŦ ƻōǎŜǊǾŜŘ ǾƛōǊŀǘƛƻƴŀƭ 

ǎǘŀǘŜǎ ǿƛǘƘ ǾŀǊƛƻǳǎ ŦǊŜǉǳŜƴŎƛŜǎΦу ¢ƻ ŜȄŀƳƛƴŜ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ōǊƻŀŘŜƴƛƴƎ ƳŜŎƘŀƴƛǎƳǎ 

ǿƛǘƘƛƴ 5a{hΣ 5C¢ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƻƴ ǘƘŜ ǘȅǊƻǎƛƴŜ ƳƻƭŜŎǳƭŜ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ 

ƻŦ ŀ 5a{h ŀƴŘ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎΦ ¢ƘŜ 5a{h ǿŀǎ ǇƻǎƛǘƛƻƴŜŘ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ƻŦ нΦп )Σ рΦн ) 

ŀƴŘ уΦо ) ōŜǘǿŜŜƴ ǘƘŜ h ƻŦ 5a{h ŀƴŘ ǘƘŜ ŎŜƴǘŜǊ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ŀƴŘ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ 

ŦǊŜǉǳŜƴŎƛŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ όCƛƎǳǊŜ оπпύΦ  ! ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ ƻŦ Ϥуπмл 

ŎƳπм ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ōŜǘǿŜŜƴ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƳƻƭŜŎǳƭŀǊ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ǿƛǘƘ ǾŀǊȅƛƴƎ 

ŘƛǎǘŀƴŎŜǎΦ  ¢ƘŜǎŜ ŎƻƳǇǳǘŀǘƛƻƴǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ƻōǎŜǊǾŜŘ ŎƘŀƴƎŜǎ ƛƴ ōŀƴŘǿƛŘǘƘ ŀǊŜ ƭƛƪŜƭȅ 

ŘǳŜ ǘƻ ŀ ŘƛǊŜŎǘ ŎƘŀǊƎŜπŎƘŀǊƎŜ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƭƻƴŜ ǇŀƛǊǎ ƻŦ ǘƘŜ ƻȄȅƎŜƴ ƻƴ ǘƘŜ 

5a{h ŀƴŘ ǘƘŜ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ǘȅǊƻǎƛƴŜ ǊƛƴƎΦстςсф  ¢ƘŜ ǊŜǇǳƭǎƛǾŜ ƭƻƴŜ ǇŀƛǊ ς Ǉƛ ƛƴǘŜǊŀŎǘƛƻƴǎ 

ŎǊŜŀǘŜ ŀ ƭŀǊƎŜǊ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ŦǊŜǉǳŜƴŎƛŜǎΦ ¸ŜǘΣ tȅǊƻǎƛƴŜ ƛǎ ŀƭǎƻ Ŧǳƭƭȅ 

ŎŀǇŀōƭŜ ƻŦ ŦƻǊƳƛƴƎ ǿŜŀƪƭȅ ǇƻƭŀǊ ƛƴǘŜǊŀŎǘƛƻƴǎκƘȅŘǊƻǇƘƻōƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ƻǘƘŜǊ 

ŎƻƳǇƻǳƴŘǎ,70 ǿƘƛŎƘ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ƻǾŜǊŀƭƭ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ŘƛǎǘǊƛōǳǘƛƻƴΦ  

! ǎƛƳƛƭŀǊ ŎŀƭŎǳƭŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ǿŀǘŜǊ ǎƘƻǿƛƴƎ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ όғм ŎƳπмύ ƛƴ 

ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ ǳƴǘƛƭ ǘƘŜ ŎƭƻǎŜǎǘ ŘƛǎǘŀƴŎŜ όнΦо )ύΦ !ǘ ǘƘƛǎ ŘƛǎǘŀƴŎŜΣ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ 

ŦǊŜǉǳŜƴŎȅ ŘƛŦŦŜǊŜŘ ōȅ Ҕпр ŎƳπм ŀƴŘ ǘƘŜ ƻǾŜǊŀƭƭ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ǿŀǎ ŜƴŜǊƎŜǘƛŎŀƭƭȅ 

ǳƴŦŀǾƻǊŀōƭŜΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǿŀǘŜǊ ǿƛǘƘ ǘƘŜ ǊƛƴƎ ƛǎ ǘƻ ŀ ƳǳŎƘ ƭŜǎǎ ŜȄǘŜƴǘΦ 
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!ƭǘƘƻǳƎƘ ŀ ƭŀǊƎŜ ŎƘŀƴƎŜ ƛƴ ōŀƴŘǿƛŘǘƘ ƛƴ ǘƘŜ ƻōǎŜǊǾŜŘ ǎǇŜŎǘǊǳƳ ǿƻǳƭŘ ōŜ ŜȄǇŜŎǘŜŘ ŦƻǊ 

ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ ǿƛǘƘƛƴ нΦо )Σ ǘƘŜ ƻōǎŜǊǾŜŘ ōŀƴŘǿƛŘǘƘ ƛǎ ǉǳƛǘŜ ǎƳŀƭƭ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǿŀǘŜǊ 

ŘƻŜǎ ƴƻǘ ƘŀǾŜ ǎǳŎƘ ŎƭƻǎŜ ǇǊƻȄƛƳƛǘȅ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ƻŦ ǘƘŜ ǊƛƴƎΦ     

{ŜǾŜǊŀƭ ǎƻƭǾŜƴǘǎ ǿŜǊŜ ŜƳǇƭƻȅŜŘ ǘƻ ŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ ǎǳōǘƭŜ ƛƴǘŜǊǇƭŀȅ ōŜǘǿŜŜƴ ǘƘŜ ǿŜŀƪ 

ƘȅŘǊƻǇƘƻōƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƴŘ ǘƘŜ ŘƛǊŜŎǘ ǊŜǇǳƭǎƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ƭƻƴŜ ǇŀƛǊǎ ŀƴŘ 

ǘƘŜ ǊƛƴƎΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ŀǊŜ ǎǳƳƳŀǊƛȊŜŘ ƛƴ ¢ŀōƭŜ мΦ ¦ƴƭƛƪŜ ƻǘƘŜǊ ǾƛōǊŀǘƛƻƴŀƭ ǇǊƻōŜǎΣ ǎǳŎƘ ŀǎ 

Ŏȅŀƴƻπ ƳƻƛŜǘƛŜǎΣ тмΣтн ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ Ŏƻƴǎǘŀƴǘ ƻŦ ǘƘŜ ǎƻƭǾŜƴǘ ǿŀǎ ǳƴŎƻǊǊŜƭŀǘŜŘ ǘƻ ǘƘŜ 

ƻōǎŜǊǾŜŘ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ōŀƴŘǿƛŘǘƘ όƛΦŜΦǘƘŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴύΦ !ǎ ǎǳƎƎŜǎǘŜŘ ŦǊƻƳ 

¢ŀōƭŜ мΣ 5a{h ŀƴŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ ŜȄƘƛōƛǘ ǘƘŜ ƭŀǊƎŜǎǘ ǇŀǊǘƛŀƭ ƴŜƎŀǘƛǾŜ ŎƘŀǊƎŜ ƻƴ ǘƘŜ ƻȄȅƎŜƴ 

ŀǘƻƳ ŎƻƴǘŀƛƴƛƴƎ ƭƻƴŜ ǇŀƛǊǎ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ ƭŀǊƎŜǎǘ ōŀƴŘǿƛŘǘƘ ŘǳŜ ǘƻ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ 

ǘƘŜ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ǊƛƴƎΦ ¢ƘŜ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ƻŦ ǘƘŜ ǘǿƻ ŜǘƘȅƭ ƎǊƻǳǇǎ ƻŦ ŘƛŜǘƘȅƭ ŜǘƘŜǊ 

ƛƴŦƭǳŜƴŎŜǎ ǘƘŜ ƻǾŜǊŀƭƭ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ǊƛƴƎ ǎȅǎǘŜƳ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ǎƭƛƎƘǘƭȅ ƛƴŎǊŜŀǎŜŘ ƛƴ 

ōŀƴŘǿƛŘǘƘ ŎƻƳǇŀǊŜŘ ǘƻ 5a{hΦ  5ǳŜ ǘƻ ǘƘŜ ƘƛƎƘ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘȅ ƻŦ ǘƘŜ ŦƭǳƻǊƛƴŜ ŀǘƻƳǎ 

ƻƴ ¢C9Σ ǘƘŜ ƭƻƴŜ ǇŀƛǊǎ ƻƴ ǘƘŜ ƻȄȅƎŜƴ ƘŀǾŜ ƭŜǎǎ ǇŀǊǘƛŀƭ ŎƘŀǊƎŜΣ ŎŀǳǎƛƴƎ ǘƘŜ ōŀƴŘǿƛŘǘƘ ǘƻ 

ŘŜŎǊŜŀǎŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƻǘƘŜǊ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎΦ !ǎ ƳŜƴǘƛƻƴŜŘ ŀōƻǾŜΣ ǿŀǘŜǊ 

ƛǎ ŀ ƘȅŘǊƻǇƘƛƭƛŎ ŀƴŘ Ŏŀƴƴƻǘ ǎƻƭǳōƛƭƛȊŜ ǘƘŜ ǊƛƴƎ ǿŜƭƭΣ ǘƘŜǊŜōȅ ŜȄƘƛōƛǘƛƴƎ ǘƘŜ ǎƳŀƭƭŜǎǘ 

ōŀƴŘǿƛŘǘƘΦ ¢ƘŜ ƻǘƘŜǊ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎ ƘŀǾŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ōŜǘǿŜŜƴ ǘƘŜǎŜ ŜȄǘǊŜƳŜ ŎŀǎŜǎΦ 

Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ŦƻǊ ŀƭƭ ǎƻƭǾŜƴǘǎ ǘƘŀǘ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜǎ ƛƴ ƳŀȄƛƳǳƳ ǇŜŀƪ Ǉƻǎƛǘƛƻƴ 

ǿŜǊŜ ƻōǎŜǊǾŜŘΦ   

/ƻƳǇǳǘŀǘƛƻƴŀƭκ¢ƘŜƻǊŜǘƛŎŀƭ {ǘǳŘƛŜǎΦ LƴƛǘƛŀƭƭȅΣ ǿŜ ŀǘǘŜƳǇǘŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀ ǊŜƭŀǘƛƻƴǎƘƛǇ 

ōŜǘǿŜŜƴ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ōŀƴŘǿƛŘǘƘ ŀƴŘ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ ŎƻƴǎǘŀƴǘΣ ǎǳŎƘ ŀǎ ǘƘŜ ŎƻƳƳƻƴƭȅ 
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ǳǎŜŘ hƴǎŀƎŜǊ ƳƻŘŜƭΦроIƻǿŜǾŜǊΣ ǎƛƴŎŜ ƴƻ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ŦƻǳƴŘ ōŜǘǿŜŜƴ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ 

ōŀƴŘǿƛŘǘƘ ŀƴŘ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ ŎƻƴǎǘŀƴǘΣ ŦǳǊǘƘŜǊ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ 

ǘƘŜ ǊƻƭŜ ƻŦ ǘƘŜ ƭƻŎŀƭ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻƴ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ōŀƴŘǿƛŘǘƘΦ ¢ƘǳǎΣ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǿƻǊƪ 

ƻŦ .ƻȄŜǊ ŀƴŘ ŎƻǿƻǊƪŜǊǎΣмл ǿŜ ǳǘƛƭƛȊŜŘ a5 ǎƛƳǳƭŀǘƛƻƴǎ ǘƻ ŘƛǊŜŎǘƭȅ ǉǳŀƴǘƛŦȅ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ 

ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ όǎŜŜ ŘŜǘŀƛƭǎ ƛƴ ǘƘŜ {ǳǇǇƻǊǘƛƴƎ LƴŦƻǊƳŀǘƛƻƴύΦ 

.ǊƛŜŦƭȅΣ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿŀǎ ŘƛǊŜŎǘƭȅ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŀǾŜǊŀƎƛƴƎ ǘƘŜ ƴŜŎŜǎǎŀǊȅ ŎƻǳƭƻƳōƛŎ 

ƛƴǘŜǊŀŎǘƛƻƴǎΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŦƻǊŎŜ ŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ŜŀŎƘ ŀǘƻƳ ƻƴ 

ǘƘŜ ǊƛƴƎ ŀƴŘ ǘƘŜ ǎƻƭǾŜƴǘ ƳƻƭŜŎǳƭŜǎ ǿŀǎ ǇǊƻƧŜŎǘŜŘ ƻƴ ǘƘŜ ŘƛǇƻƭŜ ƳƻƳŜƴǘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ 

ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΦ ¢ƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ŜŀŎƘ ŀǘƻƳ ǿŀǎ ŀŘŘŜŘ ǘƻƎŜǘƘŜǊ ǘƻ ŦƛƴŘ ǘƘŜ 

ǘƻǘŀƭ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀŎǘƛƴƎ ƻƴ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ƳƻŘŜ ƛƴ ŜŀŎƘ ǎƻƭǾŜƴǘΦ  

CƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ŎƘŀǊƎŜπŎƘŀǊƎŜ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǘƘŜ ŀǘƻƳǎ ǎŜƭŜŎǘŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ƴŜǘ 

ŎƘŀǊƎŜ ƻŦ ǘƘŜ ǊƛƴƎ ǿŜǊŜ ŀǇǇǊƻȄƛƳŀǘŜŘ ŀǎ ǘƘŜ сπŎŀǊōƻƴǎ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ ǊƛƴƎΦ 

¦ǎƛƴƎ ǘƘƛǎ ƳŜǘƘƻŘƻƭƻƎȅΣ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŦƻǊ ǘƘŜ ǎƻƭǾŜƴǘǎ ǎƘƻǿƴ ƛƴ ¢ŀōƭŜ 

мΦ ! ŎƭŜŀǊ ǘǊŜƴŘ ǿŀǎ ƻōǎŜǊǾŜŘ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀƴŘ ōŀƴŘǿƛŘǘƘ όŦǊŜǉǳŜƴŎȅ 

ŘƛǎǘǊƛōǳǘƛƻƴύ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΦ ! ŎƻǊǊŜƭŀǘƛƻƴ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ ōŀƴŘǿƛŘǘƘ ǿƛǘƘ ǘƘŜ ŜƭŜŎǘǊƛŎ 

ŦƛŜƭŘ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ όCƛƎǳǊŜ оπрύΦ 

¢ƘŜ ǎƭƻǇŜ ƻŦ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ƭƛƴŜ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ {ǘŀǊƪ 9ŦŦŜŎǘ ŀǎ ŦƻǳƴŘ ŦƻǊ ƻǘƘŜǊ ǾƛōǊŀǘƛƻƴŀƭ 

ǇǊƻōŜǎΦпΣмл .ƻȄŜǊ ŀƴŘ ŎƻǿƻǊƪŜǊǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŜǎŜ ǘȅǇŜǎ ƻŦ ǘǊŜƴŘǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ 

ŜŦŦŜŎǘǎ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ŀƴ ŜȄǘŜǊƴŀƭ ŦƛŜƭŘ ǘƻ ŀ ǎŀƳǇƭŜΦмл 5ƛŜǘƘȅƭ ŜǘƘŜǊ ǎƘƻǿǎ 

ǘƘŜ ƭƻǿŜǎǘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǾŀƭǳŜ όƳƻǎǘ ƴŜƎŀǘƛǾŜύ ƻŦ πфΦмм a±κŎƳΦ ¢ƘǳǎΣ ǎƛƴŎŜ ƛǘ ŜȄƘƛōƛǘǎ ǘƘŜ 

ƭŀǊƎŜǎǘ ǇŀǊǘƛŀƭ ƴŜƎŀǘƛǾŜ ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ ƛǘ ƛǎ ǘƘŜ Ƴƻǎǘ ƘȅŘǊƻǇƘƻōƛŎ ǎƻƭǾŜƴǘΣ ǘƘŜ 
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ƭŀǊƎŜǎǘ ōŀƴŘǿƛŘǘƘ όмлΦн ŎƳπмύ ƛǎ ƻōǎŜǊǾŜŘ ŦƻǊ ǘƘƛǎ ǎƻƭǾŜƴǘΦ hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǘƘŜ ƘƛƎƘŜǎǘ 

όƳƻǎǘ ǇƻǎƛǘƛǾŜύ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘΣ онΦул a±κŎƳΣ ŀƳƻƴƎ ŀƭƭ ǘƘŜ ǎƻƭǾŜƴǘǎ ƻŦ ǿŀǎ 

ƳŀƴƛŦŜǎǘŜŘ ōȅ ǿŀǘŜǊΦ /ƻƳōƛƴŜŘ ǿƛǘƘ ŀ ƭŀǊƎŜ ǇƻǎƛǘƛǾŜ ŦƛŜƭŘΣ ǿŀǘŜǊ ƛǎ ŀƭǎƻ ǘƘŜ ƭŜŀǎǘ 

ƘȅŘǊƻǇƘƻōƛŎ ǎƻƭǾŜƴǘ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ƴŀǊǊƻǿŜǎǘ ōŀƴŘǿƛŘǘƘ ƛƴ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŀǘŀΦ !ǎ 

ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ рκ¢ŀōƭŜ мΣ ŘƛƳŜǘƘȅƭ ǎǳƭŦƻȄƛŘŜ ŀƭǎƻ ŜȄƘƛōƛǘǎ ŀ ƴŜƎŀǘƛǾŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻŦ πпΦтр 

a±κŎƳ ŘƛǎǇƭŀȅŜŘ ǘƘŜ ƴŜȄǘ ƭŀǊƎŜǎǘ ōŀƴŘǿƛŘǘƘΦ aŜǘƘŀƴƻƭ Ƙŀǎ ǘƘŜ ƭŜŀǎǘ ǇƻǎƛǘƛǾŜ ŦƛŜƭŘ ǾŀƭǳŜ 

ƻŦ уΦрп a±κŎƳΦ !ŎŜǘƻƴƛǘǊƛƭŜ ŀƴŘ ŎƘƭƻǊƻŦƻǊƳ ŀǊŜ ōƻǘƘ ŦƻǳƴŘ ƳƛŘŘƭŜ ƻŦ ǘƘŜ ǘǊŜƴŘ ǿƛǘƘ ǘƘŜ 

ǎƛƳƛƭŀǊ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀƴŘ ōŀƴŘǿƛŘǘƘǎ ǎǳƎƎŜǎǘƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ǊƛƴƎ ŀǊŜ ƳǳŎƘ ƭŜǎǎ 

ƻǘƘŜǊ ƻǊƎŀƴƛŎ ǎƻƭǾŜƴǘǎΦ ¢ǊƛŦƭǳƻǊƻŜǘƘŀƴƻƭ ŀƴŘ ǿŀǘŜǊ ŀǊŜ ƛƴ ǘƘŜ ƘƛƎƘ ǇƻǎƛǘƛǾŜ ǊŀƴƎŜ ƻŦ ǘƘŜ 

ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿƛǘƘ ǘƘŜ ǾŀƭǳŜǎ ƻŦ нсΦпр a±κŎƳ ŀƴŘ онΦул a±κŎƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 5ŜǎǇƛǘŜ ǘƘŜ 

ƭŀǊƎŜ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘΣ ǘƘŜ ƻōǎŜǊǾŜŘ ōŀƴŘǿƛŘǘƘ ƛǎ ǘƘŜ ƭŜŀǎǘ ŦƻǊ ǘƘŜǎŜ ǘǿƻ ǎƻƭǾŜƴǘǎΦ !ƭǘƘƻǳƎƘ 

ƛǘ ƳƛƎƘǘ ōŜ ŜȄǇŜŎǘŜŘ ǘƘŀǘ ǘƘŜ ƭŀǊƎŜ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ Ƴŀȅ ǊŜǎǳƭǘ ƛƴ ŀ ƭŀǊƎŜǊ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ 

ŦǊŜǉǳŜƴŎƛŜǎΣ ǘƘŜ ƭŀǊƎŜ ǇƻǎƛǘƛǾŜ ŦƛŜƭŘ ŘƻŜǎ ƴƻǘ ŎŀǳǎŜ ŀ ƭŀǊƎŜ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ǊƛƴƎ ƳƻŘŜΣ ƭƛƪŜƭȅ 

ŘǳŜ ǘƻ ǎǘŀōƛƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ǇƘŜƴȅƭ ǊƛƴƎΦ  

 Models to Account for Solvatochromic Contributions to the Bandwidth: To further 

explain the observed trend, the Kamletς¢ŀŦǘ ǎƻƭǾŀǘƻŎƘǊƻƳƛŎ ǇŀǊŀƳŜǘŜǊǎ όʲύΣ ǘƘŜ ŜƭŜŎǘǊƻƴ 

donating ability, was investigated for the different solvents..73 A clear linear trend was 

identified for the experimental bandwidth as a function of the electron donating 

capability of each solvent (Figure S3-7). As suggested by the above G09 calculations, the 

lone pairs of each solvent can influence the variation in the vibrational frequency caused 

by the repulsive interactions with the ring. This observed trend in the beta parameter also 
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seems to correspond to changes in the bandwidth as a function of electric field strength 

discussed above. As the electric field becomes more negative, the interactions with the 

electron rich phenol ring become more significant. Such types of lone pair - pi electron 

repulsive interaction have been extensively documented in prior literature.68,69,74  The 

influence of the effect of the beta parameter on the bandwidth does not hold for water 

and methanol, where a significantly larger bandwidth would be expected according to the 

beta parameter. Other characteristics of these solvents must be utilized to rationalize the 

observations captured only by the electric field effect. 

Taking into account the log of the ratio of the un-ionized solvent in a mixture of two 

immiscible phases at equilibrium (i.e. the solvent partition coefficient) gives a measure of 

the hydrophobicity (see the Supporting Information). Comparing these values with the 

bandwidth (Figure S8), the solvents partition into two major groups: mostly hydrophobic 

(ACN, TFE, Et2O, and CHCl3) and hydrophilic (water, MeOH, and DMSO). This data suggests 

the lack of hydrophobicity of water and methanol preclude their ability to interact with 

the ring mode transition as effectively as the other solvents, thus explaining their 

deviation predicted by the electron donating ability alone. It should be mentioned that 

although DMSO is partitioned in the hydrophilic regime, the large amount of electron 

ŘƻƴŀǘƛƴƎ ŀōƛƭƛǘȅΣ ʲΣ ŎƻƳǇŜƴǎŀǘŜǎ ŎŀǳǎƛƴƎ ǘƘŜ ƭŀǊƎŜ ƻōǎŜǊǾŜŘ ōŀƴŘǿƛŘǘƘΦ 

!ǇǇƭƛŎŀǘƛƻƴ ǘƻ ŀ ƳƻŘŜƭ ǇŜǇǘƛŘŜ ǎȅǎǘŜƳΣ ¢ǊǇπŎŀƎŜΦ ¦Ǉƻƴ ŜǎǘŀōƭƛǎƘƛƴƎ ǘƘŜ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴ 

ƻŦ ǘƘŜ ōŀƴŘǿƛŘǘƘ ŀƴŘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘΣ ŀ ƳƻŘŜƭ ǇŜǇǘƛŘŜ ǎȅǎǘŜƳΣ ¢ǊǇπŎŀƎŜΣ ǿŀǎ 

ŎƘƻǎŜƴ ǘƻ ǘŜǎǘ ǘƘŜ ŜŦŦƛŎŀŎȅ ƻŦ ǘƘŜ ǘǊŜƴŘ ƭƛƴŜ ŀƴŘ ƳŜŀǎǳǊŜ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƛƴ ǘƘŜ 
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ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜ ǊŜƎƛƻƴ ƻŦ ŀ ǇŜǇǘƛŘŜΦ ¢ǊǇπŎŀƎŜ ƛǎ ŀ ǎȅƴǘƘŜǘƛŎ нлπǊŜǎƛŘǳŜ ƳƛƴƛǇǊƻǘŜƛƴ όb[¸Lπ

v²[Yπ5DDtπ{{Dwπttt{ύΣ ŎƻƴǘŀƛƴƛƴƎ ŀƴ πhƘŜƭƛȄΣ омлπƘŜƭƛȄ ŀƴŘ ŀ ǇƻƭȅǇǊƻƭƛƴŜ LL ƘŜƭƛȄΤ ŀƴŘ ƛǘ 

ƛǎ ƻŦǘŜƴ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ΨƘȅŘǊƻƎŜƴ ŀǘƻƳΩ ƻŦ ŦƻƭŘƛƴƎ ŀƴŘ ǳƴŦƻƭŘƛƴƎ ǎǘǳŘƛŜǎΦтр  

¢ǊǇπŎŀƎŜ ƛǎ ŀƴ ƛŘŜŀƭ ƳƻŘŜƭ ǎȅǎǘŜƳ ŦƻǊ ƻǳǊ ǎǘǳŘƛŜǎ ōŜŎŀǳǎŜ ƛǘ Ƙŀǎ ŀ ǎǘǊƻƴƎ ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜ 

ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ŀǊƻƳŀǘƛŎ ǎƛŘŜ ŎƘŀƛƴǎ ƻŦ ¢ȅǊо ŀƴŘ ¢ǊǇс ǇŀŎƪŜŘ ŀƎŀƛƴǎǘ DƭȅммΣ tǊƻмнΣ tǊƻму 

ŀƴŘ tǊƻмф όǇƛŎǘǳǊŜŘ ƛƴ CƛƎǳǊŜ с ƛƴǎŜǘύΦтрΣтс ¢ƘŜ Lw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘƛǎ ǘȅǊƻǎƛƴŜ ŎƻƴǘŀƛƴƛƴƎ 

ǇŜǇǘƛŘŜ ŦƻƭŘŜŘ ǎǘŀǘŜ ƛƴ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŜȄƘƛōƛǘǎ ŀ ǾƛōǊŀǘƛƻƴŀƭ 

ōŀƴŘǿƛŘǘƘ όϤ сΦн ŎƳπмύ ǎƛƳƛƭŀǊ ǘƻ ŀŎŜǘƻƴƛǘǊƛƭŜ ŀƴŘ ŎƘƭƻǊƻŦƻǊƳΦ ¢ƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǾŀƭǳŜ ƻŦ 

ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ нлΦрн a±κŎƳΦ ¦Ǉƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ƻǊ ŎƘŜƳƛŎŀƭ όƎǳŀƴƛŘƛƴŜ 

ƘȅŘǊƻŎƘƭƻǊƛŘŜύ ŘŜƴŀǘǳǊŀǘƛƻƴ ƻŦ ǘƘŜ ƳƛƴƛǇǊƻǘŜƛƴΣ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ōŀƴŘǿƛŘǘƘ ŘŜŎǊŜŀǎŜǎ όǎŜŜ 

{ǳǇǇƻǊǘƛƴƎ LƴŦƻǊƳŀǘƛƻƴύ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻŦ 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ тΦф ŀƴŘ мнΦф a±κŎƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ  ¢ƘŜ ŎƘŜƳƛŎŀƭ ŘŜƴŀǘǳǊŀƴǘ Ƙŀǎ ǘƘŜ ƭŀǊƎŜǎǘ 

ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǾŀƭǳŜ ƻŦ ооΦот a±κŎƳΦ 

¢ƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ ŀǊƻǳƴŘ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊŜǎƛŘǳŜ ƛƴ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ǇƻŎƪŜǘ όϤнлΦрн 

a±κŎƳύ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ŦƛŜƭŘ ƻōǎŜǊǾŜŘ ŀǊƻǳƴŘ ǘȅǊƻǎƛƴŜ ƛƴ ōǳƭƪ ǿŀǘŜǊ 

ǎƻƭǳǘƛƻƴ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ όCƛƎǳǊŜ оπсΦύ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ 

ǇƻŎƪŜǘ ƻŦ ŀ ǇǊƻǘŜƛƴ ƛǎ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ŦƻǳƴŘ ƛƴ ŀŎŜǘƻƴƛǘǊƛƭŜ ƻǊ ŎƘƭƻǊƻŦƻǊƳΦ 

tǊƛƻǊ ǿƻǊƪ Ƙŀǎ ǎƘƻǿƴ ǘƘŀǘ ƘȅŘǊƻǇƘƻōƛŎ ŜƴǾƛǊƻƴƳŜƴǘǎ ƘŀǾŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘǎ ǎƛƳƛƭŀǊ ǘƻ 

ŀŎŜǘƻƴƛǘǊƛƭŜп ǎǳǇǇƻǊǘƛƴƎ ǘƘŜ ŎǳǊǊŜƴǘ ƻōǎŜǊǾŀǘƛƻƴǎΦ ¢ƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ 

ǊŜǎƛŘǳŜ ƻŦ ¢ǊǇπŎŀƎŜ ŀŦǘŜǊ ǊŀƛǎƛƴƎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǘƻ упΦу ϲ/ ǎƘƻǿŜŘ ƻƴƭȅ ŀ ƳƻŘŜǊŀǘŜ 

ŘŜŎǊŜŀǎŜ ƛƴ ōŀƴŘǿƛŘǘƘ όϤлΦу ŎƳπмύ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻŦ ϤтΦф 
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a±κŎƳΦ ¢Ƙƛǎ ǊŜǎǳƭǘ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǎƻƳŜ ǊŜǎƛŘǳŀƭ ǎǘǊǳŎǘǳǊŜ Ƴŀȅ ōŜ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ 

ǘŜƳǇŜǊŀǘǳǊŜ ǎǘŀǘŜΣ ŀǎ ǎŜŜƴ ƛƴ ƻǘƘŜǊ ǇŜǇǘƛŘŜ ǎȅǎǘŜƳǎΦтт hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ǘƘŜ ŎƘŜƳƛŎŀƭ 

ŘŜƴŀǘǳǊŀǘƛƻƴ ƻŦ ǘƘŜ ¢ǊǇπŎŀƎŜ ƳƛƴƛǇǊƻǘŜƛƴΣ ŀ н a DǳŀƴƛŘƛƴŜ ƘȅŘǊƻŎƘƭƻǊƛŘŜ όDŘƳI/ƭύΣтрΣту 

ōǊŜŀƪǎ ǳǇ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ǇƻŎƪŜǘ ŀƴŘ ǊŜǎƛŘǳŀƭ ǎǘǊǳŎǘǳǊŜ ŜƴƻǳƎƘ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ŦƛŜƭŘ ǘƻ 

ооΦот a±κŎƳ ǿƘƛŎƘ ŎƭƻǎŜƭȅ ƳŀǘŎƘŜǎ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƻŦ ǘȅǊƻǎƛƴŜ ƛƴ ōǳƭƪ ǿŀǘŜǊ όCƛƎǳǊŜ оπ

сύΦ  

hǾŜǊŀƭƭΣ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜƴŀǘǳǊŀǘƛƻƴ ƛǎ ƴƻǘ ŀǎ ŜŦŦŜŎǘƛǾŜ ŀǘ 

ǳƴŦƻƭŘƛƴƎ ǘƘŜ ƳƛƴƛǇǊƻǘŜƛƴ ŀǎ ŎƘŜƳƛŎŀƭ ŘŜƴŀǘǳǊŀǘƛƻƴΣ ŀǎ ǊŜǇƻǊǘŜŘ ŦƻǊ ƻǘƘŜǊ ǇŜǇǘƛŘŜ 

ǎȅǎǘŜƳǎΦтт ¢ŜƳǇŜǊŀǘǳǊŜ ƛǎ ŎŀǇŀōƭŜ ƻŦ ŘŜǎǘŀōƛƭƛȊƛƴƎ ōƻƴŘǎ ƛƴŎƭǳŘƛƴƎ ŜƭŜŎǘǊƻǎǘŀǘƛŎ 

ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƴŘ ƘȅŘǊƻƎŜƴ ōƻƴŘǎΦ IƻǿŜǾŜǊΣ ƘȅŘǊƻǇƘƻōƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǊŜƳŀƛƴ ǎƻƳŜǿƘŀǘ 

ǳƴŀŦŦŜŎǘŜŘ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ŎƻƳǇŀŎǘ ǎǘǊǳŎǘǳǊŜ ŀǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜΦ DŘƳI/ƭ ƛǎ ƳƻǊŜ 

ŎŀǇŀōƭŜ ƻŦ ǇŜǊǘǳǊōƛƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǎƻƭǾŜƴǘ ōȅ ŀŦŦŜŎǘƛƴƎ ƛǘǎ IπōƻƴŘ ƴŜǘǿƻǊƪ ŀǊƻǳƴŘ 

ƘȅŘǊƻǇƘƻōƛŎ ƎǊƻǳǇǎ ǇǊƻǾƛŘƛƴƎ ŀ ŘŜǎǘŀōƛƭƛȊƛƴƎ ŦƻǊŎŜ ǘƻ ŘŜŎǊŜŀǎŜ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ŜŦŦŜŎǘΦту 

¢ƘŜ ŘŜƴŀǘǳǊŀƴǘ Ŏŀƴ ŀƭǎƻ ƛƴǘŜǊŀŎǘ ŘƛǊŜŎǘƭȅ ǿƛǘƘ ǘƘŜ ǇǊƻǘŜƛƴΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ōȅ ƘȅŘǊƻƎŜƴ 

ōƻƴŘƛƴƎ ǘƻ ǘƘŜ ǇƻƭŀǊ ƎǊƻǳǇǎ ŎƻƳǇŜǘƛƴƎ ǿƛǘƘ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎΦ tǊƻǘŜƛƴπ

ŘŜƴŀǘǳǊŀƴǘ ƛƴǘŜǊŀŎǘƛƻƴǎ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƭƻǿŜǊ ǘƘŜ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŜƴǘǊƻǇȅ ƻŦ ǘƘŜ 

ǇǊƻǘŜƛƴ ǘƻ ƳƻǊŜ ŜŦŦŜŎǘƛǾŜƭȅ ŘŜƴŀǘǳǊŜ ǘƘŜ ǎȅǎǘŜƳΦ  

н5 Lw ƻŦ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜΦ ¢ƻ ŦǳǊǘƘŜǊ ǉǳŀƴǘƛŦȅ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǎƻƭǾŀǘƛƻƴ ŘȅƴŀƳƛŎǎ ƻƴ ǘƘŜ 

ǾƛōǊŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴΣ ǘƘŜ н5 Lw ǎǇŜŎǘǊŀ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ƛƴ ǿŀǘŜǊ 

ŀƴŘ 5a{hΦ ¢ƘŜ н5 Lw ǎǇŜŎǘǊŀ ƻŦ ǘȅǊƻǎƛƴŜ ƛƴ ǿŀǘŜǊ ǎƘƻǿǎ ŀ ǇƻǎƛǘƛǾŜ ǇŜŀƪ ŀƭƻƴƎ ǘƘŜ ŘƛŀƎƻƴŀƭ 

ŀǘ ǘ̟Ґ ̟  ̱Ґмрмт ŎƳπм ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ˄ Ґ л Ҧ ˄ Ґ м ǘǊŀƴǎƛǘƛƻƴ ƻŦ ǊƛƴƎ ōǊŜŀǘƘƛƴƎ ƳƻŘŜ 
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όCƛƎǳǊŜ тύΦ ¢ƘŜ ƴŜƎŀǘƛǾŜ ǇŜŀƪΣ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǘƘŜ ˄ Ґ м Ҧ ˄ Ґ н   ǘǊŀƴǎƛǘƛƻƴ ƻŦ ǘƘŜ ǊƛƴƎ ƳƻŘŜΣ 

ƛǎ ǎƘƛŦǘŜŘ ŀƭƻƴƎ ǘƘŜ ǘ̟ ŀȄƛǎ ǘƻ ǘ̟Ґмрлт ŎƳπм ƛƴŘƛŎŀǘƛƴƎ ŀƴ ŀƴƘŀǊƳƻƴƛŎƛǘȅ ƻŦ мл ҕ лΦун ŎƳπмΦ 

!ǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ǊŜƭŀȄŀǘƛƻƴ ό¢млύΣ ǘƘŜ ǎƛƎƴŀƭ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ˄ Ґ л Ҧ ˄ Ґ м 

ǘǊŀƴǎƛǘƛƻƴ ŘŜŎŀȅǎ ŘǳǊƛƴƎ ǘƘŜ ǿŀƛǘƛƴƎ ǘƛƳŜΣ ¢Σ ǿƛǘƘ ŀ ǘƛƳŜ Ŏƻƴǎǘŀƴǘ ƻŦ нΦн ҕ лΦн Ǉǎ όCƛƎǳǊŜ оπ

уύΦ  

¢Ƙƛǎ ǾŀƭǳŜ ƛǎ ƛƴ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǇǊƛƻǊ ǊŜǎǳƭǘǎΦпт ¢ƘŜ ŘƛŀƎƻƴŀƭ ǇŜŀƪǎ ŀǊŜ ǘƛƭǘŜŘ ŀƴŘ 

ǎƭƛƎƘǘƭȅ ŜƭƻƴƎŀǘŜŘ ŀƭƻƴƎ ǘƘŜ ŘƛŀƎƻƴŀƭ ŀǘ ǘƘŜ ŜŀǊƭƛŜǎǘ ǿŀƛǘƛƴƎ ǘƛƳŜǎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ 

ƛƴƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǎǘŀǘŜǎ όCƛƎǳǊŜ оπтύΦ !ǎ ǘƘŜ ǿŀƛǘƛƴƎ ǘƛƳŜ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ 

ǘƛƭǘ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƻƴƎ ǘƘŜ ŘƛŀƎƻƴŀƭ ōŜŎƻƳŜǎ ƭŜǎǎ ǇǊƻƴƻǳƴŎŜŘ ǳƴǘƛƭ ǘƘŜ ǘŀƴƎŜƴǘƛŀƭ ǎƭƻǇŜ 

ōŜǘǿŜŜƴ ǘƘŜ ǇƻǎƛǘƛǾŜ ŀƴŘ ƴŜƎŀǘƛǾŜ ǇŜŀƪ ƛǎ ǾŜǊǘƛŎŀƭΦ ¢ƘŜǎŜ ŎƘŀƴƎŜǎ ŀǊŜ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ŀ ƭƻǎǎ 

ƛƴ ŦǊŜǉǳŜƴŎȅ ŎƻǊǊŜƭŀǘƛƻƴ όǎǇŜŎǘǊŀƭ ŘƛŦŦǳǎƛƻƴύ ŘǳŜ ǘƻ ǘƘŜ ŘŜǇƘŀǎƛƴƎ ƻŦ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ 

ǘǊŀƴǎƛǘƛƻƴΦтф 

¢ƘŜ н5 Lw ǎǇŜŎǘǊŀ ƻŦ ǘȅǊƻǎƛƴŜ ƛƴ 5a{h ŜȄƘƛōƛǘǎ ŀ ǇƻǎƛǘƛǾŜ ǇŜŀƪ ŀƭƻƴƎ ǘƘŜ ŘƛŀƎƻƴŀƭ ŀǘ ŀ 

ǎƛƳƛƭŀǊ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ ŀǎ ŦƻǳƴŘ ƛƴ ǿŀǘŜǊΣ ǘ̟Ґ ̟  ̱Ґмрмт ŎƳπмΦ ¢ƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

ƴŜƎŀǘƛǾŜ ǘǊŀƴǎƛǘƛƻƴ ƛǎ ƭƻŎŀǘŜŘ ŀǘ ǘ̟Ґмрлс ŎƳπмΣ ƛƴŘƛŎŀǘƛƴƎ ŀƴ ŀƴƘŀǊƳƻƴƛŎ ǎƘƛŦǘ ƻŦ млΦу ҕ 

лΦсл ŎƳπмΦ ¢ƘŜ ǇƻǇǳƭŀǘƛƻƴ ǊŜƭŀȄŀǘƛƻƴΣ ¢млΣ ƛƴ 5a{h ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ нΦп ҕ лΦм Ǉǎ 

όCƛƎǳǊŜ оπуύΦ !ǘ ǘƘŜ ŜŀǊƭƛŜǎǘ ǿŀƛǘƛƴƎ ǘƛƳŜǎΣ ǘƘŜ ŘƛŀƎƻƴŀƭ ǇŜŀƪǎ ŀǊŜ ƻƴƭȅ ǎƭƛƎƘǘƭȅ ǘƛƭǘŜŘ ŘǳŜ 

ǘƻ ǘƘŜ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ōǊƻŀŘŜƴƛƴƎΦ 5ǳǊƛƴƎ ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ǘƘƛǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ǎǘŀǘŜǎΣ 

ǘƘŜ ǘŀƴƎŜƴǘƛŀƭ ǎƭƻǇŜ ŀǘ ǘƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ǇƻǎƛǘƛǾŜ ŀƴŘ ƴŜƎŀǘƛǾŜ ǇŜŀƪǎ ƎƻŜǎ ǘƻ ȊŜǊƻ ŀǎ 

ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǿŀƛǘƛƴƎ ǘƛƳŜΣ ¢Φ  
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.ƻǘƘ ǎƻƭǾŜƴǘ ŜȄƘƛōƛǘǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǎƛƎƴƛŦƛŎŀƴǘ ǎǇŜŎǘǊŀƭ ŘƛŦŦǳǎƛƻƴΦ ¢Ƙƛǎ ƭƻǎǎ ƻŦ 

ŎƻǊǊŜƭŀǘƛƻƴ ƛǎ ǉǳŀƴǘƛŦƛŜŘ ōȅ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ŎŜƴǘŜǊ ƭƛƴŜ ǎƭƻǇŜ ό/[{ύΦулΣум ¢Ƙƛǎ 

ƳŜǘƘƻŘ ǳǘƛƭƛȊŜǎ ǘƘŜ ƳŀȄƛƳǳƳ ǇŜŀƪ ƛƴǘŜƴǎƛǘȅ ŦƻǳƴŘ ŦƻǊ ǎŜǾŜǊŀƭ ǾŜǊǘƛŎŀƭ ǎƭƛŎŜǎ ƛƴ ǘƘŜ ˄Ґл Ҧ 

˄Ґм ŎƻƴǘƻǳǊ ƻŦ ǘƘŜ н5 ǎǇŜŎǘǊǳƳ ŀǘ ŘƛŦŦŜǊŜƴǘ ǾŀƭǳŜ ƻŦ ǘ̟Φ ¢ƘŜƴ ǘƘŜ ǎƭƻǇŜ ƻŦ ǘƘŜ ƭƛƴŜ 

ŎƻƴƴŜŎǘƛƴƎ ŜŀŎƘ ǇŜŀƪ ƳŀȄƛƳŀ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǿŀƛǘƛƴƎ ǘƛƳŜΣ ¢Φ ¢ƘŜ 

ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅ ƛǎ ǇƭƻǘǘŜŘ ŀǎ ǘƘŜ ƛƴǾŜǊǎŜ ƻŦ ǘƘŜ ǎƭƻǇŜΣ ώ{ό¢ύϐπмΣ ǾŜǊǎǳǎ ǘƘŜ ǿŀƛǘƛƴƎ ǘƛƳŜ 

ό¢ύΦоуΣунΣуо  ¢ƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅ ǘƛƳŜ Ŏƻƴǎǘŀƴǘǎ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ мΦо ҕ лΦн Ǉǎ ŀƴŘ 

лΦт ҕ лΦн Ǉǎ ŦƻǊ 5нh ŀƴŘ 5a{hΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǳǎƛƴƎ ŀ ǎƛƴƎƭŜ ŜȄǇƻƴŜƴǘƛŀƭ Ŧƛǘ όCƛƎǳǊŜ оπуύΦ  

²ƘŜƴ ŎƻƳǇŀǊƛƴƎ ŀƴŘ ŎƻƴǘǊŀǎǘƛƴƎ ǘƘŜ н5 Lw ǊŜǎǳƭǘǎ ŦǊƻƳ ǘƘŜ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ǎƻƭǾŜƴǘǎΣ ǘƘŜ 

ǇŜŀƪ Ǉƻǎƛǘƛƻƴǎ ƘŀǾŜ ǘƘŜ ǎŀƳŜ ŎŜƴǘŜǊ ŦǊŜǉǳŜƴŎȅ ǿƛǘƘ ŀ ǎƛƳƛƭŀǊ ŘƛŀƎƻƴŀƭ ŀƴƘŀǊƳƻƴƛŎƛǘȅΦ 

IƻǿŜǾŜǊΣ ǘƘŜ ōŀƴŘǿƛŘǘƘ ƳŜŀǎǳǊŜŘ ōȅ ŦƛǘǘƛƴƎ ŀ ŘƛŀƎƻƴŀƭ ǎƭƛŎŜ ŀƭƻƴƎ ǘƘŜ ŘƛŀƎƻƴŀƭ ǘƘǊƻǳƎƘ 

ǘƘŜ ǇƻǎƛǘƛǾŜ ǇŜŀƪ ƛƴŘƛŎŀǘŜŘ ǘƘŜ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ŘƛǎǘǊƛōǳǘƛƻƴ ǿŀǎ ƭŀǊƎŜǊ όϤм ŎƳπмύ ƛƴ 5a{h 

ŎƻƳǇŀǊŜŘ ǘƻ ǿŀǘŜǊ ŀƪƛƴ ǘƻ ǘƘŜ ōŀƴŘǿƛŘǘƘ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ƭƛƴŜŀǊ ǎǇŜŎǘǊǳƳΦ  Lƴ ŀŘŘƛǘƛƻƴΣ 

ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ƭƛŦŜǘƛƳŜǎ ŀǊŜ ǎƛƳƛƭŀǊ ǎǳƎƎŜǎǘƛƴƎ ǘƘŜ ǎǇŜŎǘǊŀƭ ŘƛŦŦǳǎƛƻƴ ƛǎ ƭƛƪŜƭȅ ǘƘŜ ƳŀƧƻǊ 

ŎƻƴǘǊƛōǳǘƻǊ ǘƻ ǘƘŜ ƭŀǊƎŜǊ ǎǇŜŎǘǊŀƭ ōŀƴŘǿƛŘǘƘ ƻōǎŜǊǾŜŘ ƛƴ 5a{hΦ ¦Ǉƻƴ ŜȄŀƳƛƴƛƴƎ ǘƘŜ 

ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅǎΣ ǘƘŜ ǎǘŀǊǘƛƴƎ ǾŀƭǳŜ ƻŦ ǘƘŜ ƛƴǾŜǊǎŜ ǎƭƻǇŜ ƛǎ лΦс ƛƴ ǿŀǘŜǊ ŀƴŘ лΦо ƛƴ 5a{hΦ 

!ƭǘƘƻǳƎƘ ǿŀǘŜǊ ŜȄƘƛōƛǘǎ ŀ ǾŀƭǳŜ ƳŜŀǎǳǊŜŘ ŦƻǊ Ƴŀƴȅ ƻǘƘŜǊ ƻǎŎƛƭƭŀǘƻǊǎΣмтΣон ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘ 

ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ǎǘŀǊǘƛƴƎ ǾŀƭǳŜ ƻŦ 5a{h ƛǎ ƭƛƪŜƭȅ ŀ ǊŜǎǳƭǘ ƻŦ ǎǇŜŎǘǊŀƭ ŘŜǇƘŀǎƛƴƎ ŎŀǳǎŜŘ ōȅ 

Ŧŀǎǘ ǎƻƭǾŜƴǘ ƳƻǘƛƻƴǎΦ ¢ƘŜ ƻǊƛƎƛƴ ƻŦ ǘƘƛǎ ǎǇŜŎǘǊŀƭ ŘŜǇƘŀǎƛƴƎ ƛǎ ǎǳƎƎŜǎǘŜŘ ǘƻ ōŜ ŀ ǊŜǎǳƭǘ ƻŦ 

ǘƘŜ ƘƛƎƘƭȅ ǇŜǊǘǳǊōƛƴƎ ŎƘŀǊƎŜπŎƘŀǊƎŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ǘȅǊƻǎƛƴŜ ǊƛƴƎ 

ŀƴŘ ǘƘŜ ƭƻƴŜ ǇŀƛǊǎ ŦƻǳƴŘ ƻƴ ǘƘŜ ƻȄȅƎŜƴ ƻŦ ǘƘŜ 5a{hΣ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ŘƛǎǘŀƴŎŜ 

ŘŜǇŜƴŘŜƴǘ ŎƻƳǇǳǘŀǘƛƻƴǎ ƻŦ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ŦǊŜǉǳŜƴŎȅ ƳŜƴǘƛƻƴŜŘ ŀōƻǾŜΦ CƛƴŀƭƭȅΣ ǘƘŜ 
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ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅǎ ƻŎŎǳǊǎ ƛƴ ƘŀƭŦ ǘƘŜ ǘƛƳŜ ǿƘŜƴ ǎƻƭǾŀǘŜŘ ǿƛǘƘ 5a{h ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ 

ǿŀǘŜǊΦ ¢ƘŜ ƳǳŎƘ ŦŀǎǘŜǊ ŘŜŎŀȅ ǘƛƳŜΣ тлл ŦǎΣ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ǎƻƭǾŜƴǘ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ 5a{h 

ƛƴŦƭǳŜƴŎŜ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ǘǊŀƴǎƛǘƛƻƴǎ ǘƻ ŀ ƳǳŎƘ ƘƛƎƘŜǊ ŘŜƎǊŜŜΦ ¢ƘŜ ƻōǎŜǊǾŜŘ ŘŜŎŀȅ ǘƛƳŜ 

Ŏƻƴǎǘŀƴǘ ƛƴ ǿŀǘŜǊ ƳŀǘŎƘŜǎ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǘƛƳŜ ǎŎŀƭŜΣ лΦу πн ǇǎΣ ƻŦ ƘȅŘǊƻƎŜƴ ōƻƴŘ 

ƳŀƪƛƴƎ ŀƴŘ ōǊŜŀƪƛƴƎ ǿƛǘƘƛƴ ǿŀǘŜǊ ŦƻǊ ŘƛŦŦŜǊŜƴǘ ǎƻƭǳǘŜǎΦннΣупςус ¢ƘŜ Ŧŀǎǘ ŘŜǇƘŀǎƛƴƎ ǘƛƳŜ 

ƻōǎŜǊǾŜŘ ƛƴ 5a{h ǎǳƎƎŜǎǘŜŘ ŀ ŘƛǊŜŎǘ ǊŜǇǳƭǎƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ǊƛƴƎ ŀƴŘ 

ǘƘŜ ƭƻƴŜ ǇŀƛǊǎ ƻŦ ǘƘŜ ǎƻƭǾŜƴǘΦ  

¢ƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘǎ ŀƴŘ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅǎ ƛǎ 

ŜǾƛŘŜƴǘ ŦǊƻƳ ǇǊƛƻǊ ǎǘǳŘƛŜǎ ƻŦ ǎƻƭǾŜƴǘ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ ǎƻƭǳǘŜǎΦут IƻǿŜǾŜǊΣ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ 

ǘȅǊƻǎƛƴŜΣ ǘƘŜ ƻǾŜǊŀƭƭ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŘƻŜǎ ƴƻǘ Ǉƭŀȅ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊƻƭŜ ƛƴ ǘƘŜ 

ŘŜǇƘŀǎƛƴƎ ǇǊƻŎŜǎǎΦ LƴǎǘŜŀŘΣ ŀǎ ǘƘŜ ǾŀƭǳŜ ŀǇǇǊƻŀŎƘŜǎ ŀ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ ǘƘŀǘ ƛǎ ƳƻǊŜ ƴŜƎŀǘƛǾŜΣ 

ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴŎǊŜŀǎŜǎ ŘǳŜ ǘƻ ŀ ƳƻǊŜ ǇŜǊǘǳǊōŀǘƛǾŜ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŜƭŜŎǘǊƻƴ ǊƛŎƘ 

ǘȅǊƻǎƛƴŜ ǊƛƴƎΦ  

Conclusion  

¢ƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ōǊŜŀǘƘƛƴƎ ƳƻŘŜ ŀǎ ŀƴ ƛƴǘǊƛƴǎƛŎ ƴƻƴπǇŜǊǘǳǊōƛƴƎ ƛƴŦǊŀǊŜŘ 

ǇǊƻōŜ ƛǎ ǎƘƻǿƴ ōȅ ǾŀǊƛŀǘƛƻƴ ƛƴ ǘƘŜ ƛƴŦǊŀǊŜŘ ōŀƴŘǿƛŘǘƘ ƛƴ ŀ ǾŀǊƛŜǘȅ ƻŦ ǎƻƭǾŜƴǘǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ 

ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ǇŜŀƪ Ǉƻǎƛǘƛƻƴ ƻŦ ǊƛƴƎ ƳƻŘŜ ǘǊŀƴǎƛǘƛƻƴ ǘƻ ǇI ƛƴ ǿŀǘŜǊ ǎƻƭǳǘƛƻƴǎ ŎǊŜŀǘŜǎ 

ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ŀǇǇƭƛŎŀǘƛƻƴ ŀǎ ŀ ǇI ǎŜƴǎƻǊ ǿƛǘƘƛƴ ŀ ǇǊƻǘŜƛƴ ǎȅǎǘŜƳΦ ¦ƴƭƛƪŜ ƻǘƘŜǊ ƛƴŦǊŀǊŜŘ 

ǇǊƻōŜǎΣ ŀ ƭŀǊƎŜǊ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ōŀƴŘǿƛŘǘƘ ƛǎ ƻōǎŜǊǾŜŘ ƛƴ ƘȅŘǊƻǇƘƻōƛŎ όƛΦŜΦ 5a{hύ ǾŜǊǎǳǎ 

ƘȅŘǊƻǇƘƛƭƛŎ όƛΦŜΦ ǿŀǘŜǊύ ƳŜŘƛŀ ǎǳƎƎŜǎǘƛƴƎ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎ ƛǎ ƴƻǘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻƴǘǊƛōǳǘƻǊ 

ǘƻ ōǊƻŀŘŜƴƛƴƎΦ 5C¢ ŎŀƭŎǳƭŀǘƛƻƴǎ ƛƭƭǳǎǘǊŀǘŜ ǘƘŀǘ ǘƘŜ ƻōǎŜǊǾŜŘ ƛƴƘƻƳƻƎŜƴŜƻǳǎ ōŀƴŘǿƛŘǘƘ ƛǎ 
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ŘǳŜ ǘƻ ŀ ǊŜǇǳƭǎƛǾŜ ŎƘŀǊƎŜπŎƘŀǊƎŜ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƭƻƴŜ ǇŀƛǊǎ ƻŦ 5a{h ŀƴŘ ǘƘŜ 

ŜƭŜŎǘǊƻƴ ǊƛŎƘ ǊƛƴƎ ƻŦ ǘȅǊƻǎƛƴŜΦ ! ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƛƴŘǳŎŜŘ 

ōȅ ŀ ǾŀǊƛŜǘȅ ƻŦ ǎƻƭǾŜƴǘǎ ŀƴŘ ǘƘŜ ƻōǎŜǊǾŜŘ ǾƛōǊŀǘƛƻƴŀƭ ōŀƴŘǿƛŘǘƘ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ 

ǿŀǎ ǳƴŎƻǾŜǊŜŘΦ ¢ƘŜ ƻōǎŜǊǾŜŘ ǘǊŜƴŘ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ōȅ ǳǎƛƴƎ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ƻƴƭȅ ǘǿƻ 

ǎƻƭǾŜƴǘ ǇŀǊŀƳŜǘŜǊǎΣ ŜƭŜŎǘǊƻƴ ŘƻƴŀǘƛƴƎ ŀōƛƭƛǘȅ ŀƴŘ ǘƘŜ ǇŀǊǘƛǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ όƳŜŀǎǳǊŜ ƻŦ 

ƘȅŘǊƻǇƘƻōƛŎƛǘȅύΦ  ¢ƘŜ ǾŀǊƛŀǘƛƻƴ ƛƴ ǘƘŜ ōŀƴŘǿƛŘǘƘ ŀǊƛǎŜǎ ŦǊƻƳ ǘƘŜ ƛƴǘŜǊǇƭŀȅ ōŜǘǿŜŜƴ ǘƘŜ 

ǿŜŀƪ ƘȅŘǊƻǇƘƻōƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƴŘ ǘƘŜ ŘƛǊŜŎǘ ǊŜǇǳƭǎƛǾŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǘƘŜ ƭƻƴŜ 

ǇŀƛǊǎ ŀƴŘ ǘƘŜ ǊƛƴƎΦ 

¢ƘŜ н5 Lw ǎǇŜŎǘǊŀ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ ƛƴ ǿŀǘŜǊ ŀƴŘ 5a{h ŘŜǘŜǊƳƛƴŜŘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ 

ǾƛōǊŀǘƛƻƴŀƭ ŘȅƴŀƳƛŎǎ ƻƴ ǘƘŜ ƛƴŦǊŀǊŜŘ ƭƛƴŜǎƘŀǇŜǎΦ ¢ƘŜ ǾƛōǊŀǘƛƻƴŀƭ ƭƛŦŜǘƛƳŜǎ Řƻ ƴƻǘ ǾŀǊȅ 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŦƻǊ 5нh ŀƴŘ 5a{h ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ ǎƻƭǾŜƴǘ ŘȅƴŀƳƛŎǎ Ǉƭŀȅ ŀ ǎƛƎƴƛŦƛŎŀƴǘ 

ǊƻƭŜ ƛƴ ǘƘŜ ǾƛōǊŀǘƛƻƴŀƭ ŘŜǇƘŀǎƛƴƎΦ  ¢ƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅ ǘƛƳŜǎ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ мΦо 

ҕ лΦн Ǉǎ ŀƴŘ лΦт ҕ лΦн Ǉǎ ŦƻǊ 5нh ŀƴŘ 5a{hΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ CǊƻƳ ǘƘŜ ŦǊŜǉǳŜƴŎȅπŦǊŜǉǳŜƴŎȅ 

ŎƻǊǊŜƭŀǘƛƻƴ ŘŜŎŀȅǎ ƛƴ ǿŀǘŜǊ ŀƴŘ 5a{hΣ ǘƘŜ ǎǇŜŎǘǊŀƭ ŘƛŦŦǳǎƛƻƴ ƛƴ ǘƘŜ 5a{h ƛǎ ǘǿƛŎŜ ŀǎ Ŧŀǎǘ 

ŀǎ ǿŀǘŜǊ ǎǳƎƎŜǎǘƛƴƎ 5a{h ƳƻǊŜ ŜŦŦŜŎǘƛǾŜƭȅ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ ǊƛƴƎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ 

ŦǊŜǉǳŜƴŎȅ ōǊƻŀŘŜƴƛƴƎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳΦ 

¢ƘŜ ŜŦŦƛŎŀŎȅ ƻŦ ǘƘŜ ǎƻƭǾŀǘƛƻƴ ŦƛŜƭŘ ƳƻŘŜƭ ǿŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘǊƻǳƎƘ ŀǇǇƭƛŎŀǘƛƻƴ ǘƻ ǘƘŜ ¢ǊǇπ

ŎŀƎŜ ƳƛƴƛǇǊƻǘŜƛƴΦ ¢ƘǊƻǳƎƘ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳΣ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǿƛǘƘƛƴ 

ǘƘŜ ǇǊƻǘŜƛƴ ǿŀǎ ŘŜǘŜŎǘŜŘ ǳƴŘŜǊ ōƻǘƘ ƴŀǘƛǾŜ ŀƴŘ ŘŜƴŀǘǳǊŜŘ ŎƻƴŘƛǘƛƻƴǎ ǿƛǘƘƛƴ ǘƘŜ 

ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜΦ ¢ƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ ŀǊƻǳƴŘ ǘƘŜ ǘȅǊƻǎƛƴŜ ƛƴ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ 

ǇƻŎƪŜǘ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ ǾŀƭǳŜ όнлΦрн a±κŎƳύΣ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ŦƛŜƭŘ 
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ƎŜƴŜǊŀǘŜŘ ōȅ ŀŎŜǘƻƴƛǘǊƛƭŜ ƻǊ ŎƘƭƻǊƻŦƻǊƳ ŀƴŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ŦƛŜƭŘ ƻōǎŜǊǾŜŘ ƛƴ 

ōǳƭƪ ǿŀǘŜǊ ǎƻƭǳǘƛƻƴΦ ¦Ǉƻƴ ŘŜƴŀǘǳǊŀǘƛƻƴΣ ǘƘŜ ŦƛŜƭŘ ǎǘǊŜƴƎǘƘ ŀǇǇǊƻŀŎƘŜŘ ǘƘŜ ōǳƭƪ ǿŀǘŜǊ 

ǎƻƭǳǘƛƻƴΦ IƻǿŜǾŜǊΣ ƛǘ ǿŀǎ ǎƘƻǿƴ ǘƘŀǘ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜƴŀǘǳǊŀǘƛƻƴ ƛǎ ƴƻǘ ŀǎ ŜŦŦŜŎǘƛǾŜ ŀǘ 

ǳƴŦƻƭŘƛƴƎ ǘƘŜ ƳƛƴƛǇǊƻǘŜƛƴ ŀǎ ŎƘŜƳƛŎŀƭ ŘŜƴŀǘǳǊŀǘƛƻƴΦ  

5ǳŜ ǘƻ ǘƘŜ ƘƛƎƘ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ǘȅǊƻǎƛƴŜ ǊƛƴƎ ƳƻŘŜ ǘƻ ǘƘŜ ŎƘŀƴƎŜǎ ƛƴ ƛǘǎ ƭƻŎŀƭ 

ŜƴǾƛǊƻƴƳŜƴǘΣ ǘƘŜǎŜ ƛƴŦǊŀǊŜŘ ǊŜǎǳƭǘǎ ǎƘƻǿ ǘƘŀǘ ǘƘŜ ǘȅǊƻǎƛƴŜ ƳƻƛŜǘȅ Ƙŀǎ ƳǳŎƘ ǇƻǘŜƴǘƛŀƭ ŀǎ 

ŀƴ ƛƴǘǊƛƴǎƛŎ ƴƻƴπǇŜǊǘǳǊōƛƴƎ ǎƛǘŜπǎǇŜŎƛŦƛŎ ǇǊƻōŜ ŦƻǊ ƳŜŀǎǳǊƛƴƎ ŘȅƴŀƳƛŎǎ ƛƴ ōƻǘƘ ǇŜǇǘƛŘŜǎ 

ŀƴŘ ƭŀǊƎŜǊ ǇǊƻǘŜƛƴ ǎȅǎǘŜƳǎΦ 
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Figure 3-1. Infrared spectrum of Tyrosine in D2O showing corresponding ring breathing 

mode (inset). 
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1500 cm-1 1517 cm-1 

Figure 3-2. Plot of normalized ratio of peak position for the tyrosine ring mode as 

a function of pH. 
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Figure 3-3. Infrared spectra of Tyrosine in DMSO (blue) and D2O (Red). 
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Figure 3-4. Optimized configurations of tyrosine in the presence of DMSO with 

a distance of a) 8.3 Å and b) 2.4 Å from the center of the tyrosine ring. 

 

a) b) 
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Table 3-1. Solvatochromic effect on tyrosine ring breathing 
vibrational transition 
 

{ƻƭǾŜƴǘ 5ƛŜƭŜŎǘǊƛŎ 
/ƻƴǎǘŀƴǘ 

9ƭŜŎǘǊƛŎ 
CƛŜƭŘ 
όa±κŎƳύ 

.ŀƴŘǿƛŘǘƘ 
όŎƳπмύ 

tŜŀƪ 
tƻǎƛǘƛƻƴ όŎƳπмύ 

9ǘнh пΦоп πфΦмм млΦн мрмуΦр 

5a{h 
 

aŜhI 
 
!/b 

 
/I/ƭо 

 
¢C9 

 
5нh 

псΦт 
 
онΦт 

 
отΦр 

 
пΦум 

 
нтΦсу 

 
улΦм 

πпΦтр 
 
уΦрп 

 
мрΦтн 

 
мтΦпс 

 
нсΦпр 

 
онΦул 

уΦо 
 
сΦр 

 
сΦт 

 
сΦо 

 
рΦс 

 
рΦп 

мрмсΦт 
 

мрмуΦф 
 

мрмтΦн 
 

мрмуΦф 
 

мрмуΦо 
 

мрмсΦр 
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Figure 3-5. Correlation between the infrared spectral width of the ring mode 

transition of tyrosine and the solvent electric fields determined from molecular 

dynamics simulations. 
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Figure 3-6. Electric field in hydrophobic pocket of folded Trp- cage miniprotein (inset) 

in water based on the observed bandwidth (red). Influence of temperature (blue) and 

chemical denaturation (green) on the electric field captured by experimental 

bandwidth. 
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Figure 3-7. 2D IR spectra of Capped tyrosine in (left) D2O and (right) DMSO at waiting 

times T=200 fs and T=1.2 ps.  
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T10= 2.2 ± 0.2 ps 

T10= 2.4 ± 0.1 ps 

 

a) 

b) 

Figure 3-8. a) Lifetime decay of capped tyrosine in D2O (purple) and DMSO 

(blue) b) correlation decay of capped tyrosine in D2O (purple) and DMSO 

=̱ 1.3 ± 0.2 ps 

=̱ 0.7 ± 0.2 ps 
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5ŜǘŜǊƳƛƴƛƴƎ ǘƘŜ [ƻŎŀƭ 9ƴǾƛǊƻƴƳŜƴǘ ŀƴŘ hǊƛŜƴǘŀǘƛƻƴ ƻŦ LƴŘƛǾƛŘǳŀƭ {ƛŘŜ /Ƙŀƛƴǎ ƻŦ 
aŜƳōǊŀƴŜπ.ƛƴŘƛƴƎ tŜǇǘƛŘŜǎΦ WΦ !ƳΦ /ƘŜƳΦ {ƻŎΦ нллпΣ мнс όмсύΣ рлтуςрлтфΦ 

όмлύ  CǊƛŜŘΣ {Φ 5ΦΤ .ŀƎŎƘƛΣ {ΦΤ .ƻȄŜǊΣ {Φ DΦ aŜŀǎǳǊƛƴƎ 9ƭŜŎǘǊƻǎǘŀǘƛŎ CƛŜƭŘǎ ƛƴ .ƻǘƘ IȅŘǊƻƎŜƴπ
.ƻƴŘƛƴƎ ŀƴŘ bƻƴπIȅŘǊƻƎŜƴπ.ƻƴŘƛƴƎ 9ƴǾƛǊƻƴƳŜƴǘǎ ¦ǎƛƴƎ /ŀǊōƻƴȅƭ ±ƛōǊŀǘƛƻƴŀƭ 
tǊƻōŜǎΦ WΦ !ƳΦ /ƘŜƳΦ {ƻŎΦ нлмоΣ мор όолύΣ мммумςмммфнΦ 

όммύ  .ŀƎŎƘƛΣ {ΦΤ .ƻȄŜǊΣ {Φ DΦΤ CŀȅŜǊΣ aΦ 5Φ wƛōƻƴǳŎƭŜŀǎŜ { 5ȅƴŀƳƛŎǎ aŜŀǎǳǊŜŘ ¦ǎƛƴƎ ŀ 
bƛǘǊƛƭŜ [ŀōŜƭ ǿƛǘƘ н5 Lw ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ {ǇŜŎǘǊƻǎŎƻǇȅΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нлмнΣ ммс 
όмоύΣ плопςплпнΦ 

όмнύ  DƘƻǎƘΣ !ΦΤ ¢ǳŎƪŜǊΣ aΦ WΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ LŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ !ǊƎƛƴƛƴŜ wŜǎƛŘǳŜǎ ƛƴ 
tŜǇǘƛŘŜǎ ōȅ н5πLw 9ŎƘƻ {ǇŜŎǘǊƻǎŎƻǇȅΦ WΦ tƘȅǎΦ /ƘŜƳΦ ! нлммΣ ммр όопύΣ фтомςфтоуΦ 

όмоύ  aŀƴŀǎΣ 9Φ {ΦΤ DŜǘŀƘǳƴΣ ½ΦΤ ²ǊƛƎƘǘΣ ²Φ ²ΦΤ 5ŜDǊŀŘƻΣ ²Φ CΦΤ ±ŀƴŘŜǊƪƻƻƛΣ WΦ aΦ LƴŦǊŀǊŜŘ 
{ǇŜŎǘǊŀ ƻŦ !ƳƛŘŜ DǊƻǳǇǎ ƛƴ ŀπIŜƭƛŎŀƭ tǊƻǘŜƛƴǎΥ 9ǾƛŘŜƴŎŜ ŦƻǊ IȅǎŘǊƻƎŜƴ .ƻƴƻŘƛƴƎ ǘƻ 
²ŀǘŜǊΦ WΦ !ƳΦ /ƘŜƳΦ {ƻŎΦ нлллΣ мнн όпмύΣ фууоςфуфлΦ 

όмпύ  wŜƘƳǎΣ !Φ !Φ ¢ǿƻπtƘƻǘƻƴ CƭǳƻǊŜǎŎŜƴŎŜ 9ȄŎƛǘŀǘƛƻƴ {ǇŜŎǘǊŀ ƻŦ !ǊƻƳŀǘƛŎ !Ƴƛƴƻ !ŎƛŘǎΦ 
/ƘŜƳΦ tƘȅǎΦ [ŜǘǘΦ мффоΣ нлу όоύΣ нтсςнунΦ 

όмрύ  {ǘƛŎƘΣ ¢Φ !ΦΤ aȅŜǊǎΣ ²Φ YΦΤ .ǊƛǘǘΣ wΦ 5Φ tŀǊŀƳŀƎƴŜǘƛŎ LƴǘŜǊƳŜŘƛŀǘŜǎ DŜƴŜǊŀǘŜŘ ōȅ 
wŀŘƛŎŀƭ {π!ŘŜƴƻǎȅƭƳŜǘƘƛƻƴƛƴŜ ό{!aύ 9ƴȊȅƳŜǎΦ !ŎŎΦ /ƘŜƳΦ wŜǎΦ нлмпΣ пт όуύΣ ннорς
ннпоΦ 
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όмсύ  ²ƻȅǎΣ !Φ aΦΤ !ƭƳŜƛŘŀΣ !Φ aΦΤ ²ŀƴƎΣ [ΦΤ /ƘƛǳΣ /Φ /ΦΤ aŎDƻǾŜǊƴΣ aΦΤ 5Ŝ tŀōƭƻΣ WΦ WΦΤ 
{ƪƛƴƴŜǊΣ WΦ [ΦΤ DŜƭƭƳŀƴΣ {Φ IΦΤ ½ŀƴƴƛΣ aΦ ¢Φ tŀǊŀƭƭŜƭ π̡{ƘŜŜǘ ±ƛōǊŀǘƛƻƴŀƭ /ƻǳǇƭƛƴƎǎ 
wŜǾŜŀƭŜŘ ōȅ н5 Lw {ǇŜŎǘǊƻǎŎƻǇȅ ƻŦ ŀƴ LǎƻǘƻǇƛŎŀƭƭȅ [ŀōŜƭŜŘ aŀŎǊƻŎȅŎƭŜΥ vǳŀƴǘƛǘŀǘƛǾŜ 
.ŜƴŎƘƳŀǊƪ ŦƻǊ ǘƘŜ LƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ !ƳȅƭƻƛŘ ŀƴŘ tǊƻǘŜƛƴ LƴŦǊŀǊŜŘ {ǇŜŎǘǊŀΦ WΦ !ƳΦ 
/ƘŜƳΦ {ƻŎΦ нлмнΣ моп όпсύΣ мфммуςмфмнуΦ 

όмтύ  DƘƻǎƘΣ !ΦΤ vƛǳΣ WΦΤ 5ŜDǊŀŘƻΣ ²Φ CΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ ¢ƛŘŀƭ {ǳǊƎŜ ƛƴ ǘƘŜ aн tǊƻǘƻƴ 
/ƘŀƴƴŜƭΣ {ŜƴǎŜŘ ōȅ н5 Lw {ǇŜŎǘǊƻǎŎƻǇȅΦ tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ {Φ !Φ нлммΣ млу όмрύΣ 
сммрςсмнлΦ 

όмуύ  .ŀƛȊΣ /Φ.ΦΤ w9ǇǇŜǊǘ aΦΤ ¢ƻƪƳŀƪƻŦŦΣ !Φ ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ /ƘŜƳƛŎŀƭ 9ȄŎƘŀƴƎŜ 
{ǇŜŎǘǊƻǎŎƻǇȅΦ ¦ƭǘǊŀŦŀǎǘ LƴŦǊŀǊŜŘ ±ƛōΦ {ǇŜŎǘǊƻǎŎΦ нлмнΣ нΣ мςопΦ 

όмфύ  .ŀǊǘƘΣ !ΦΤ ½ǎŎƘŜǊǇΣ /Φ ²Ƙŀǘ ±ƛōǊŀǘƛƻƴǎ ¢Ŝƭƭ ŀōƻǳǘ tǊƻǘŜƛƴǎΦ vΦ wŜǾΦ .ƛƻǇƘȅǎΦ нллнΣ ор 
όпύΣ осфςполΦ 

όнлύ  5ƛƴƎΣ .ΦΤ [ŀŀǎŜǊΣ WΦ 9ΦΤ [ƛǳΣ ¸ΦΤ ²ŀƴƎΣ tΦΤ ½ŀƴƴƛΣ aΦ ¢ΦΤ /ƘŜƴΣ ½Φ {ƛǘŜπ{ǇŜŎƛŦƛŎ hǊƛŜƴǘŀǘƛƻƴ 
ƻŦ ŀƴ ŀπIŜƭƛŎŀƭ tŜǇǘƛŘŜ hǾƛǎǇƛǊƛƴπм ŦǊƻƳ LǎƻǘƻǇŜπ[ŀōŜƭŜŘ {CD {ǇŜŎǘǊƻǎŎƻǇȅΦ WΦ tƘȅǎΦ 
/ƘŜƳΦ . нлмоΣ ммт όптύΣ мпснрςмпсопΦ 

όнмύ  DƘƻǎƘΣ !ΦΤ ¢ǳŎƪŜǊΣ aΦ WΦΤ DŀƛΣ CΦ н5 Lw {ǇŜŎǘǊƻǎŎƻǇȅ ƻŦ IƛǎǘƛŘƛƴŜΥ tǊƻōƛƴƎ {ƛŘŜπ/Ƙŀƛƴ 
{ǘǊǳŎǘǳǊŜ ŀƴŘ 5ȅƴŀƳƛŎǎ Ǿƛŀ .ŀŎƪōƻƴŜ !ƳƛŘŜ ±ƛōǊŀǘƛƻƴǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нлмпΣ мму 
όнуύΣ ттффςтулрΦ 

όннύ  IŀƳƳΣ tΦΤ [ƛƳΣ aΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ {ǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ !ƳƛŘŜ L .ŀƴŘ ƻŦ tŜǇǘƛŘŜǎ 
aŜŀǎǳǊŜŘ ōȅ CŜƳǘƻǎŜŎƻƴŘ bƻƴƭƛƴŜŀǊπLƴŦǊŀǊŜŘ {ǇŜŎǘǊƻǎŎƻǇȅΦ WΦ tƘȅǎΦ /ƘŜƳΦ . мффуΣ 
млн όфуύΣ смноςсмоуΦ 

όноύ  YƛƳΣ ¸Φ {ΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ /ƘŜƳƛŎŀƭ 9ȄŎƘŀƴƎŜ н5 Lw ƻŦ IȅŘǊƻƎŜƴπ.ƻƴŘ aŀƪƛƴƎ 
ŀƴŘ .ǊŜŀƪƛƴƎΦ tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ {Φ !Φ нллрΣ млн όонύΣ мммурςмммфлΦ 

όнпύ  wǳōǘǎƻǾŀΣ bΦ LΦΤ wǳōǘǎƻǾΣ LΦ ±Φ ±ƛōǊŀǘƛƻƴŀƭ 9ƴŜǊƎȅ ¢ǊŀƴǎǇƻǊǘ ƛƴ aƻƭŜŎǳƭŜǎ {ǘǳŘƛŜŘ ōȅ 
wŜƭŀȄŀǘƛƻƴπ!ǎǎƛǎǘŜŘ ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ {ǇŜŎǘǊƻǎŎƻǇȅΦ !ƴƴǳΦ wŜǾΦ tƘȅǎΦ 
/ƘŜƳΦ нлмрΣ сс όмύΣ тмтςтоуΦ 

όнрύ  {ŎƘƳƛǘȊΣ !Φ WΦΤ IƻƎƭŜΣ 5Φ DΦΤ DŀƛΣ ·Φ {ΦΤ CŜƴƭƻƴΣ 9Φ 9ΦΤ .ǊŜǿŜǊΣ {Φ IΦΤ ¢ǳŎƪŜǊΣ aΦ WΦ ¢ǿƻπ
5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ {ǘǳŘȅ ƻŦ ±ƛōǊŀǘƛƻƴŀƭ /ƻǳǇƭƛƴƎ ōŜǘǿŜŜƴ !ȊƛŘŜ ŀƴŘ bƛǘǊƛƭŜ 
wŜǇƻǊǘŜǊǎ ƛƴ ŀ wb! bǳŎƭŜƻǎƛŘŜΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нлмсΣ мнл όорύΣ фоутςфофпΦ 

όнсύ  ²ƻǳǘŜǊǎŜƴΣ {ΦΤ IŀƳƳΣ tΦ LǎƻǘƻǇŜπ9ŘƛǘŜŘ ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ ±ƛōǊŀǘƛƻƴŀƭ {ǇŜŎǘǊƻǎŎƻǇȅ 
ƻŦ ¢ǊƛŀƭŀƴƛƴŜ ƛƴ !ǉǳŜƻǳǎ {ƻƭǳǘƛƻƴΦ WΦ /ƘŜƳΦ tƘȅǎΦ нллмΣ ммп όсύΣ нтнтςнтотΦ 

όнтύ  wŜƳƻǊƛƴƻΣ !ΦΤ YƻǊŜƴŘƻǾȅŎƘΣ LΦ ±Τ ²ǳΣ ¸ΦΤ 5ŜDǊŀŘƻΣ ²Φ CΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ 
wŜǎƛŘǳŜπ{ǇŜŎƛŦƛŎ ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻŜǎ ¸ƛŜƭŘ о5 {ǘǊǳŎǘǳǊŜǎ ƻŦ ŀ ¢ǊŀƴǎƳŜƳōǊŀƴŜ IŜƭƛȄ 
5ƛƳŜǊΦ {ŎƛŜƴŎŜ нлммΣ оон όслопύΣ мнлсςмнлфΦ 

όнуύ  YƛƳΣ ¸Φ {ΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ !ǇǇƭƛŎŀǘƛƻƴǎ ƻŦ н5 Lw {ǇŜŎǘǊƻǎŎƻǇȅ ǘƻ tŜǇǘƛŘŜǎΣ 
tǊƻǘŜƛƴǎΣ ŀƴŘ IȅŘǊƻƎŜƴπ.ƻƴŘ 5ȅƴŀƳƛŎǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нллфΣ ммо όнпύΣ уномς
унрмΦ 

όнфύ  CŀȅŜǊΣ aΦ 5Φ 5ȅƴŀƳƛŎǎ ƻŦ [ƛǉǳƛŘǎΣ aƻƭŜŎǳƭŜǎΣ ŀƴŘ tǊƻǘŜƛƴǎ aŜŀǎǳǊŜŘ ǿƛǘƘ ¦ƭǘǊŀŦŀǎǘ 
н5 Lw ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ /ƘŜƳƛŎŀƭ 9ȄŎƘŀƴƎŜ {ǇŜŎǘǊƻǎŎƻǇȅΦ !ƴƴǳ wŜǾ tƘȅǎ /ƘŜƳ нллфΣ 
слΣ нмςоуΦ 

όолύ  YǳǊƻŘŀΣ 5Φ DΦΤ .ŀǳƳŀƴΣ WΦ 5ΦΤ /ƘŀƭƭŀΣ WΦ wΦΤ tŀǘŜƭΣ 5ΦΤ ¢ǊƻȄƭŜǊΣ ¢ΦΤ 5ŀǎΣ YΦΤ !ǊƴƻƭŘΣ 9ΦΤ 
IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ {ƴŀǇǎƘƻǘ ƻŦ ǘƘŜ 9ǉǳƛƭƛōǊƛǳƳ 5ȅƴŀƳƛŎǎ ƻŦ ŀ 5ǊǳƎ .ƻǳƴŘ ǘƻ IL±π
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м wŜǾŜǊǎŜ ¢ǊŀƴǎŎǊƛǇǘŀǎŜΦ bŀǘΦ /ƘŜƳΦ нлмоΣ р όоύΣ мтпςмумΦ 
όомύ  ¦ǊōŀƴŜƪΣ 5Φ /ΦΤ ±ƻǊƻōȅŜǾΣ 5Φ ¸ΦΤ {ŜǊǊŀƴƻΣ !Φ [ΦΤ DŀƛΣ CΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ ¢ƘŜ ¢ǿƻπ

5ƛƳŜƴǎƛƻƴŀƭ ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ ƻŦ ŀ bƛǘǊƛƭŜ tǊƻōŜ ƻŦ ǘƘŜ ±ƛƭƭƛƴ Itор tǊƻǘŜƛƴΦ WΦ tƘȅǎΦ 
/ƘŜƳΦ [ŜǘǘΦ нлмлΣ м όноύΣ ооммςоомрΦ 

όонύ  /ƘǳƴƎΣ WΦ YΦΤ ¢ƘƛŜƭƎŜǎΣ aΦ /ΦΤ CŀȅŜǊΣ aΦ 5Φ 5ȅƴŀƳƛŎǎ ƻŦ ǘƘŜ CƻƭŘŜŘ ŀƴŘ ¦ƴŦƻƭŘŜŘ ±ƛƭƭƛƴ 
IŜŀŘǇƛŜŎŜ όItорύ aŜŀǎǳǊŜŘ ǿƛǘƘ ¦ƭǘǊŀŦŀǎǘ н5 Lw ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ {ǇŜŎǘǊƻǎŎƻǇȅΦ 
tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ {Φ !Φ нлммΣ млу όфύΣ ортуςоруоΦ 

όооύ  ¢ǳŎƪŜǊΣ aΦ WΦΤ !ōŘƻΣ aΦΤ /ƻǳǊǘŜǊΣ WΦ wΦΤ /ƘŜƴΣ WΦΤ .ǊƻǿƴΣ {Φ tΦΤ {ƳƛǘƘΣ !Φ .ΦΤ 
IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ bƻƴŜǉǳƛƭƛōǊƛǳƳ 5ȅƴŀƳƛŎǎ ƻŦ IŜƭƛȄ wŜƻǊƎŀƴƛȊŀǘƛƻƴ hōǎŜǊǾŜŘ ōȅ 
¢ǊŀƴǎƛŜƴǘ н5 Lw {ǇŜŎǘǊƻǎŎƻǇȅΦ tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ {Φ !Φ нлмоΣ ммл όпоύΣ мтомпς
мтомфΦ 

όопύ  DŀƴƛƳΣ ½ΦΤ IƻƛΣ {Φ /ΦΤ {ƳƛǘƘΣ !Φ ²ΦΤ 5ŜŦƭƻǊŜǎΣ [Φ tΦΤ WƻƴŜǎΣ YΦ /ΦΤ ¢ƻƪƳŀƪƻŦŦΣ !Φ !ƳƛŘŜ 
L ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ {ǇŜŎǘǊƻǎŎƻǇȅ ƻŦ tǊƻǘŜƛƴǎΦ !ŎŎΦ /ƘŜƳΦ wŜǎΦ нллуΣ пм όоύΣ 
понςппмΦ 

όорύ  {ǘǊŀǎŦŜƭŘΣ 5Φ .ΦΤ [ƛƴƎΣ ¸Φ [ΦΤ {ƘƛƳΣ {ΦπIΦΤ ½ŀƴƴƛΣ aΦ ¢Φ ¢ǊŀŎƪƛƴƎ CƛōŜǊ CƻǊƳŀǘƛƻƴ ƛƴ 
IǳƳŀƴ LǎƭŜǘ !ƳȅƭƻƛŘ tƻƭȅǇŜǇǘƛŘŜ ǿƛǘƘ !ǳǘƻƳŀǘŜŘ н5πLw {ǇŜŎǘǊƻǎŎƻǇȅΦ WΦ !ƳΦ 
/ƘŜƳΦ {ƻŎΦ нллуΣ мол όнмύΣ ссфуςссффΦ 

όосύ  [ŜǾƛƴΣ 5Φ 9ΦΤ {ŎƘƳƛǘȊΣ !Φ WΦΤ IƛƴŜǎΣ {Φ aΦΤ IƛƴŜǎΣ YΦ WΦΤ ¢ǳŎƪŜǊΣ aΦ WΦΤ .ǊŜǿŜǊΣ {Φ IΦΤ 
CŜƴƭƻƴΣ 9Φ 9Φ {ȅƴǘƘŜǎƛǎ ŀƴŘ 9Ǿŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ {ŜƴǎƛǘƛǾƛǘȅ ŀƴŘ ±ƛōǊŀǘƛƻƴŀƭ [ƛŦŜǘƛƳŜǎ ƻŦ 
¢ƘƛƻŎȅŀƴŀǘŜ ŀƴŘ {ŜƭŜƴƻŎȅŀƴŀǘŜ LƴŦǊŀǊŜŘ wŜǇƻǊǘŜǊǎΦ w{/ !ŘǾΦ нлмсΣ с όпоύΣ осномς
оснотΦ 

όотύ  aŀƧΣ aΦΤ !ƘƴΣ /ΦΤ .ƭŀǎƛŀƪΣ .ΦΤ YǿŀƪΣ YΦΤ IŀƴΣ IΦΤ /ƘƻΣ aΦ LǎƻƴƛǘǊƛƭŜ ŀǎ ŀƴ ¦ƭǘǊŀǎŜƴǎƛǘƛǾŜ 
LƴŦǊŀǊŜŘ wŜǇƻǊǘŜǊ ƻŦ IȅŘǊƻƎŜƴπ.ƻƴŘƛƴƎ {ǘǊǳŎǘǳǊŜ ŀƴŘ 5ȅƴŀƳƛŎǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ . 
нлмсΣ мнл όофύΣ млмстςмлмулΦ 

όоуύ  ¢ǳŎƪŜǊΣ aΦ WΦΤ DŀƛΣ ·Φ {ΦΤ CŜƴƭƻƴΣ 9Φ 9ΦΤ .ǊŜǿŜǊΣ {Φ IΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ н5 Lw tƘƻǘƻƴ 
9ŎƘƻ ƻŦ !ȊƛŘƻπtǊƻōŜǎ ŦƻǊ .ƛƻƳƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎΦ tƘȅǎΦ /ƘŜƳΦ /ƘŜƳΦ tƘȅǎΦ нлммΣ 
мо όсύΣ ннотςннпмΦ 

όофύ  aŀƛŜƴǎŎƘŜƛƴπ/ƭƛƴŜΣ aΦ DΦΤ [ƻƴŘŜǊƎŀƴΣ /Φ IΦ ¢ƘŜ /b {ǘǊŜǘŎƘƛƴƎ .ŀƴŘ ƻŦ !ƭƛǇƘŀǘƛŎ 
¢ƘƛƻŎȅŀƴŀǘŜ Lǎ {ŜƴǎƛǘƛǾŜ ǘƻ {ƻƭǾŜƴǘ 5ȅƴŀƳƛŎǎ ŀƴŘ {ǇŜŎƛŦƛŎ {ƻƭǾŀǘƛƻƴΦ WΦ tƘȅǎΦ /ƘŜƳΦ 
! нллтΣ ммм όплύΣ мллнлςмллнрΦ 

όплύ  ¸ŜΣ {ΦΤ ½ŀƛǘǎŜǾŀΣ 9ΦΤ /ŀƭǘŀōƛŀƴƻΣ DΦΤ {ŎƘŜǊǘƭŜǊΣ DΦ CΦ ·ΦΤ {ŀƪƳŀǊΣ ¢Φ tΦΤ 5ŜǳǇƛΣ ·ΦΤ ±ƻƎŜƭΣ 
wΦ ¢ǊŀŎƪƛƴƎ DπtǊƻǘŜƛƴπ/ƻǳǇƭŜŘ wŜŎŜǇǘƻǊ !ŎǘƛǾŀǘƛƻƴ ¦ǎƛƴƎ DŜƴŜǘƛŎŀƭƭȅ 9ƴŎƻŘŜŘ 
LƴŦǊŀǊŜŘ tǊƻōŜǎΦ bŀǘǳǊŜ нлмлΣ псп όтнфоύΣ моусςмоуфΦ 

όпмύ  ²ŀƴƎΣ [ΦΤ .ǊƻŎƪΣ  ŀΤ IŜǊōŜǊƛŎƘΣ .ΦΤ {ŎƘǳƭǘȊΣ tΦ DΦ 9ȄǇŀƴŘƛƴƎ ǘƘŜ DŜƴŜǘƛŎ /ƻŘŜ ƻŦ 
9ǎŎƘŜǊƛŎƘƛŀ /ƻƭƛΦ {ŎƛŜƴŎŜ нллмΣ нфн όррмсύΣ пфуςрллΦ 

όпнύ  ¢ŀǎƪŜƴǘπ{ŜȊƎƛƴΣ IΦΤ /ƘǳƴƎΣ WΦΤ .ŀƴŜǊƧŜŜΣ tΦ {ΦΤ bŀƎŀǊŀƧŀƴΣ {ΦΤ 5ȅŜǊΣ wΦ .ΦΤ /ŀǊǊƛŎƻΣ LΦΤ 
wŀƭŜƛƎƘΣ 5Φ tΦ !ȊƛŘƻƘƻƳƻŀƭŀƴƛƴŜΥ ! /ƻƴŦƻǊƳŀǘƛƻƴŀƭƭȅ {ŜƴǎƛǘƛǾŜ Lw tǊƻōŜ ƻŦ tǊƻǘŜƛƴ 
CƻƭŘƛƴƎ tǊƻǘŜƛƴ {ǘǊǳŎǘǳǊŜ ŀƴŘ 9ƭŜŎǘǊƻǎǘŀǘƛŎǎΦ !ƴƎŜǿΦ /ƘŜƳƛŜ π LƴǘΦ 9ŘΦ нлмлΣ пф όпмύΣ 
тптоςтптрΦ 

όпоύ  .ŀƴŘŀǊƛŀΣ WΦ bΦΤ 5ǳǘǘŀΣ {ΦΤ IƛƭƭΣ {Φ 9ΦΤ YƻƘŜƴΣ !ΦΤ /ƘŜŀǘǳƳΣ /Φ aΦ Cŀǎǘ 9ƴȊȅƳŜ 
5ȅƴŀƳƛŎǎ ŀǘ ǘƘŜ !ŎǘƛǾŜ {ƛǘŜ ƻŦ CƻǊƳŀǘŜ 5ŜƘȅŘǊƻƎŜƴŀǎŜ Cŀǎǘ 9ƴȊȅƳŜ 5ȅƴŀƳƛŎǎ ŀǘ 
ǘƘŜ !ŎǘƛǾŜ {ƛǘŜ ƻŦ CƻǊƳŀǘŜ 5ŜƘȅŘǊƻƎŜƴŀǎŜΦ нллуΣ мол όмύΣ ннςноΦ 
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όппύ  aŀƧΣ aΦΤ hƘΣ ¸ΦΤ tŀǊƪΣ YΦΤ [ŜŜΣ WΦΤ YǿŀƪΣ YΦ ²ΦΤ /ƘƻΣ aΦ ±ƛōǊŀǘƛƻƴŀƭ 5ȅƴŀƳƛŎǎ ƻŦ 
¢ƘƛƻŎȅŀƴŀǘŜ ŀƴŘ {ŜƭŜƴƻŎȅŀƴŀǘŜ .ƻǳƴŘ ǘƻ IƻǊǎŜ IŜŀǊǘ aȅƻƎƭƻōƛƴΦ WΦ /ƘŜƳΦ tƘȅǎΦ 
нлмпΣ мпл όноύΦ 

όпрύ  ²ŀŜƎŜƭŜΣaΦaΦΤ ¢ǳŎƪŜǊΣ WΦ aΦ Φ DΦ CΦ рπ/ȅŀƴƻǘǊȅǇǘƻǇƘŀƴ ŀǎ ŀƴ LƴŦǊŀǊŜŘ tǊƻōŜ ƻŦ [ƻŎŀƭ 
IȅŘǊŀǘƛƻƴ {ǘŀǘǳǎ ƻŦ tǊƻǘŜƛƴǎΦ /ƘŜƳΦ tƘȅǎΦ [ŜǘǘΦ нллфΣ пту όпύΣ нпфςнроΦ 

όпсύ  .ŀǊǘƘΣ  ŀΦ ¢ƘŜ LƴŦǊŀǊŜŘ !ōǎƻǊǇǘƛƻƴ ƻŦ !Ƴƛƴƻ !ŎƛŘ {ƛŘŜ /ƘŀƛƴǎΦ tǊƻƎΦ .ƛƻǇƘȅǎΦ aƻƭΦ 
.ƛƻƭΦ нлллΣ тпΣ мпмςмтоΦ 

όптύ  {ǳƭΣ {ΦΤ CŜƴƎΣ ̧ ΦΤ [ŜΣ ¦ΦΤ ¢ƻōƛŀǎΣ 5Φ WΦΤ DŜΣ bΦ IΦ LƴǘŜǊŀŎǘƛƻƴǎ ƻŦ ¢ȅǊƻǎƛƴŜ ƛƴ [Ŝǳπ
9ƴƪŜǇƘŀƭƛƴ ŀǘ ŀ aŜƳōǊŀƴŜπ²ŀǘŜǊ LƴǘŜǊŦŀŎŜΥ !ƴ ¦ƭǘǊŀŦŀǎǘ ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ 
{ǘǳŘȅ /ƻƳōƛƴŜŘ ǿƛǘƘ 5Ŝƴǎƛǘȅ CǳƴŎǘƛƻƴŀƭ /ŀƭŎǳƭŀǘƛƻƴǎ ŀƴŘ aƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ 
{ƛƳǳƭŀǘƛƻƴǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нлмлΣ ммп όнύΣ ммулςммфлΦ 

όпуύ  IŀǊǊƛŜǎΣ ²Φ 9Φ /ΦΤ !ƪƘŀǾŀƴΣ 5ΦΤ aƛŜǊŎƪŜΣ [Φ WΦ ²ΦΤ YƘŀŘŜƳƛΣ {ΦΤ {ǘǊƻǳŘΣ wΦ aΦ ¢ƘŜ 
/ƘŀƴƴŜƭ !ǊŎƘƛǘŜŎǘǳǊŜ ƻŦ !ǉǳŀǇƻǊƛƴ л ŀǘ ŀ нΦнπ! wŜǎƻƭǳǘƛƻƴΦ tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ 
{Φ !Φ нллпΣ млм όофύΣ мплпрςмплрлΦ 

όпфύ  ¢ŀƴƎΣ ¸ΦΤ ½ŀƛǘǎŜǾŀΣ CΦΤ [ŀƳōΣ wΦ ŀΦΤ tƛƴǘƻΣ [Φ IΦ ¢ƘŜ DŀǘŜ ƻŦ ǘƘŜ LƴŦƭǳŜƴȊŀ ±ƛǊǳǎ aн 
tǊƻǘƻƴ /ƘŀƴƴŜƭ Lǎ CƻǊƳŜŘ ōȅ ŀ {ƛƴƎƭŜ ¢ǊȅǇǘƻǇƘŀƴ wŜǎƛŘǳŜΦ WΦ .ƛƻƭΦ /ƘŜƳΦ нллнΣ нтт 
όпнύΣ офуулςофуусΦ 

όрлύ  5ƻƳŜƴŜΣ /ΦΤ ±ŜƳǇŀǊŀƭŀΣ {ΦΤ YƭŜƛƴΣ aΦ [ΦΤ ±ŞƴƛŜƴπ.ǊȅŀƴΣ /ΦΤ 5ƻȅƭŜΣ 5Φ ŀΦ wƻƭŜ ƻŦ 
!ǊƻƳŀǘƛŎ [ƻŎŀƭƛȊŀǘƛƻƴ ƛƴ ǘƘŜ DŀǘƛƴƎ tǊƻŎŜǎǎ ƻŦ ŀ tƻǘŀǎǎƛǳƳ /ƘŀƴƴŜƭΦ .ƛƻǇƘȅǎΦ WΦ 
нллсΣ фл όмύΣ [лмς[лоΦ 

όрмύ  tƻǇǇΣ .Φ ±ΦΤ .ŀƭƭΣ ½Φ ¢Φ {ǘǊǳŎǘǳǊŜπ{ŜƭŜŎǘƛǾŜ aƻŘƛŦƛŎŀǘƛƻƴ ƻŦ !ǊƻƳŀǘƛŎ {ƛŘŜ /Ƙŀƛƴǎ ǿƛǘƘ 
5ƛǊƘƻŘƛǳƳ aŜǘŀƭƭƻǇŜǇǘƛŘŜ /ŀǘŀƭȅǎǘǎΦ WΦ !ƳΦ /ƘŜƳΦ {ƻŎΦ нлмлΣ мон όмфύΣ ссслςссснΦ 

όрнύ  DŀǳŘŜƴΣ aΦΤ DǊƛƴǎǘŜŀŘΣ WΦ {ΦΤ [ŀŀƴΣ ²ΦΤ ±ŀƴ {ǘƻƪƪǳƳΣ LΦ IΦ aΦΤ !ǾƛƭŀπtŜǊŜȊΣ aΦΤ ¢ƻƘΣ 
YΦ /ΦΤ .ƻŜƭŜƴǎΣ wΦΤ YŀǇǘŜƛƴΣ wΦΤ ±ŀƴ DǊƻƴŘŜƭƭŜΣ wΦΤ IŜƭƭƛƴƎǿŜǊŦΣ YΦ WΦΤ Ŝǘ ŀƭΦ hƴ ǘƘŜ wƻƭŜ 
ƻŦ !ǊƻƳŀǘƛŎ {ƛŘŜ /Ƙŀƛƴǎ ƛƴ ǘƘŜ tƘƻǘƻŀŎǘƛǾŀǘƛƻƴ ƻŦ .[¦C 5ƻƳŀƛƴǎΦ .ƛƻŎƘŜƳƛǎǘǊȅ 
нллтΣ пс όнрύΣ тплрςтпмрΦ 

όроύ  hƴǎŀƎŜǊΣ [Φ 9ƭŜŎǘǊƛŎ aƻƳŜƴǘǎ ƻŦ aƻƭŜŎǳƭŜǎ ƛƴ [ƛǉǳƛŘǎΦ WΦ !ƳΦ /ƘŜƳΦ {ƻŎΦ мфосΣ ру 
όуύΣ мпусςмпфоΦ 

όрпύ  !ƴŘǊŜǿǎΣ {Φ {ΦΤ .ƻȄŜǊΣ {Φ DΦ ±ƛōǊŀǘƛƻƴŀƭ {ǘŀǊƪ 9ŦŦŜŎǘǎ ƻŦ bƛǘǊƛƭŜǎΦ LΦ aŜǘƘƻŘǎ ŀƴŘ 
9ȄǇŜǊƛƳŜƴǘŀƭ wŜǎǳƭǘǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ ! нлллΣ млп όрмύΣ ммуроςммусоΦ 

όррύ  9ŘƛƴƎǘƻƴΣ {Φ /ΦΤ CƭŀƴŀƎŀƴΣ WΦ /ΦΤ .ŀƛȊΣ /Φ wΦ !ƴ 9ƳǇƛǊƛŎŀƭ Lw CǊŜǉǳŜƴŎȅ aŀǇ ŦƻǊ 9ǎǘŜǊ 
/Ґh {ǘǊŜǘŎƘƛƴƎ ±ƛōǊŀǘƛƻƴǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ ! нлмсΣ мнл όннύΣ оуууςоуфсΦ 

όрсύ  /ƘƻƛΣ WΦ IΦΤ /ƘƻΣ aΦ ±ƛōǊŀǘƛƻƴŀƭ {ƻƭǾŀǘƻŎƘǊƻƳƛǎƳ ŀƴŘ 9ƭŜŎǘǊƻŎƘǊƻƳƛǎƳ ƻŦ LƴŦǊŀǊŜŘ 
tǊƻōŜ aƻƭŜŎǳƭŜǎ /ƻƴǘŀƛƴƛƴƎ / hΣ / bΣ /ҐhΣ ƻǊ /πC ±ƛōǊŀǘƛƻƴŀƭ /ƘǊƻƳƻǇƘƻǊŜΦ WΦ 
/ƘŜƳΦ tƘȅǎΦ нлммΣ моп όмрύΣ bƻΦмрпрмоΦ 

όртύ  IǳŀƴƎΣ /Φπ̧ΦΤ DŜǘŀƘǳƴΣ ½ΦΤ ½ƘǳΣ ¸ΦΤ YƭŜƳƪŜΣ WΦ ²ΦΤ 5ŜDǊŀŘƻΣ ²Φ CΦΤ DŀƛΣ CΦ IŜƭƛȄ 
CƻǊƳŀǘƛƻƴ Ǿƛŀ /ƻƴŦƻǊƳŀǘƛƻƴ 5ƛŦŦǳǎƛƻƴ {ŜŀǊŎƘΦ tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ {Φ !Φ нллнΣ 
фф όрύΣ нтууςнтфоΦ 

όруύ  YƛƳΣ ¸Φ {ΦΤ ²ŀƴƎΣ WΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ {ǇŜŎǘǊƻǎŎƻǇȅ ƻŦ 
ǘƘŜ !ƭŀƴƛƴŜ 5ƛǇŜǇǘƛŘŜ ƛƴ !ǉǳŜƻǳǎ {ƻƭǳǘƛƻƴΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нллрΣ млф όмрύΣ трммς
трнмΦ 

όрфύ  tƘƛƭƭƛǇǎΣ WΦ /ΦΤ .ǊŀǳƴΣ wΦΤ ²ŀƴƎΣ ²ΦΤ DǳƳōŀǊǘΣ WΦΤ ¢ŀƧƪƘƻǊǎƘƛŘΣ 9ΦΤ ±ƛƭƭŀΣ 9ΦΤ /ƘƛǇƻǘΣ /ΦΤ 
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{ƪŜŜƭΣ wΦ 5ΦΤ YŀƭŜΣ [ΦΤ {ŎƘǳƭǘŜƴΣ YΦ {ŎŀƭŀōƭŜ aƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ ǿƛǘƘ b!a5Φ WΦ 
/ƻƳǇǳǘΦ /ƘŜƳΦ нллрΣ нс όмсύΣ мтумςмулнΦ 

όслύ  DǊŜŎƘƪƻΣ aΦΤ ½ŀƴƴƛΣ aΦ ¢Φ vǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ¢Ǌŀƴǎƛǘƛƻƴ 5ƛǇƻƭŜ {ǘǊŜƴƎǘƘǎ ¦ǎƛƴƎ м5 ŀƴŘ 
н5 {ǇŜŎǘǊƻǎŎƻǇȅ ŦƻǊ ǘƘŜ LŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ aƻƭŜŎǳƭŀǊ {ǘǊǳŎǘǳǊŜǎ Ǿƛŀ 9ȄŎƛǘƻƴ 
5ŜƭƻŎŀƭƛȊŀǘƛƻƴΥ !ǇǇƭƛŎŀǘƛƻƴ ǘƻ πhIŜƭƛŎŜǎΦ WΦ /ƘŜƳΦ tƘȅǎΦ нлмнΣ мот όмуύΣ мςфΦ 

όсмύ  WƻΣ IΦΤ /ǳƭƛƪΣ wΦ aΦΤ YƻǊŜƴŘƻǾȅŎƘΣ LΦ ±ΦΤ 5ŜƎǊŀŘƻΣ ²Φ CΦΤ DŀƛΣ CΦ {ŜƭŜŎǘƛǾŜ LƴŎƻǊǇƻǊŀǘƛƻƴ 
ƻŦ bƛǘǊƛƭŜπ.ŀǎŜŘ LƴŦǊŀǊŜŘ tǊƻōŜǎ ƛƴǘƻ tǊƻǘŜƛƴǎ Ǿƛŀ /ȅǎǘŜƛƴŜ !ƭƪȅƭŀǘƛƻƴΦ .ƛƻŎƘŜƳƛǎǘǊȅ 
нлмлΣ пф όпфύΣ млорпςмлорсΦ 

όснύ  YƻǳǘǎƻǳǇŀƪƛǎΣ /ΦΤ YƻƭŀƧπwƻōƛƴΣ hΦΤ {ƻǳƭƛƳŀƴŜΣ ¢ΦΤ ±ŀǊƻǘǎƛǎΣ /Φ tǊƻōƛƴƎ 
tǊƻǘƻƴŀǘƛƻƴκŘŜǇǊƻǘƻƴŀǘƛƻƴ ƻŦ ¢ȅǊƻǎƛƴŜ wŜǎƛŘǳŜǎ ƛƴ /ȅǘƻŎƘǊƻƳŜ ōŀо hȄƛŘŀǎŜ ŦǊƻƳ 
¢ƘŜǊƳǳǎ ¢ƘŜǊƳƻǇƘƛƭǳǎ ōȅ ¢ƛƳŜπwŜǎƻƭǾŜŘ {ǘŜǇπ{Ŏŀƴ CƻǳǊƛŜǊ ¢ǊŀƴǎŦƻǊƳ LƴŦǊŀǊŜŘ 
{ǇŜŎǘǊƻǎŎƻǇȅΦ WΦ .ƛƻƭΦ /ƘŜƳΦ нлммΣ нус όорύΣ олсллςолслрΦ 

όсоύ  hƭǘǊƻƎƎŜΣ [Φ aΦΤ ²ŀƴƎΣ vΦΤ .ƻȄŜǊΣ {Φ DΦ DǊƻǳƴŘπ{ǘŀǘŜ tǊƻǘƻƴ ¢ǊŀƴǎŦŜǊ ƛƴ DǊŜŜƴ 
CƭǳƻǊŜǎŎŜƴǘ tǊƻǘŜƛƴ aŜŀǎǳǊŜŘ ōȅ bawΦ .ƛƻŎƘŜƳƛǎǘǊȅ нлмпΣ ро όотύΣ рфптςрфртΦ 

όспύ  ²ŀǊŘ ²Φ ²ΦΤ tǊŜƴǘƛŎŜ WΦ IΦΤ wƻǘƘ CΦ!ΦΤ /ƻŘȅ ²Φ /ΦΤ wŜŜǾŜǎ /Φ{Φ {ǇŜŎǘǊŀƭ tŜǊǘǳǊōŀǘƛƻƴǎ 
ƻŦ ǘƘŜ !ŜǉǳƻǊŜŀ DǊŜŜƴπCƭǳƻǊŜǎŎŜƴǘ tǊƻǘŜƛƴΦ tƘƻǘƻŎƘŜƳΦ tƘƻǘƻōƛƻƭΦ мфунΣ ор όсύΣ 
улоςулуΦ 

όсрύ  .ŜƪŀǊŘΣ LΦ .ΦΤ 5ǳƴǎǘŀƴΣ 5Φ 9Φ ¢ȅǊƻǎƛƴŜ !ǳǘƻŦƭǳƻǊŜǎŎŜƴŎŜ ŀǎ ŀ aŜŀǎǳǊŜ ƻŦ .ƻǾƛƴŜ 
Lƴǎǳƭƛƴ CƛōǊƛƭƭŀǘƛƻƴΦ .ƛƻǇƘȅǎΦ WΦ нллфΣ фт όфύΣ нрнмςнромΦ 

όссύ  5ǳŀǊǘŜΣ !Φ aΦ {ΦΤ ±ŀƴ aƛŜǊƭƻΣ /Φ tΦ aΦΤ IŜƳƳƛƴƎŀΣ aΦ !Φ aƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ {ǘǳŘȅ 
ƻŦ ǘƘŜ {ƻƭǾŀǘƛƻƴ ƻŦ ŀƴ πhIŜƭƛŎŀƭ ¢ǊŀƴǎƳŜƳōǊŀƴŜ tŜǇǘƛŘŜ ōȅ 5a{hΦ WΦ tƘȅǎΦ /ƘŜƳΦ . 
нллуΣ ммн όнфύΣ усспςустмΦ 

όстύ  ²ȅŀǘǘΣ aΦ 5ΦΤ !ƭƭŀƴΣ WΦ aΦΤ [ŀǳΣ !Φ ¸ΦΤ 9ƭƭŜƴōŜǊƎŜǊΣ ¢Φ 9ΦΤ {ŀƳǎƻƴΣ [Φ 5Φ оπ
aŜǘƘȅƭŀŘŜƴƛƴŜ 5b! DƭȅŎƻǎȅƭŀǎŜǎ Υ {ǘǊǳŎǘǳǊŜ Σ CǳƴŎǘƛƻƴ Σ ŀƴŘ .ƛƻƭƻƎƛŎŀƭ LƳǇƻǊǘŀƴŎŜΦ 
.ƛƻ9ǎǎŀȅǎ мфффΣ нмΣ ссуςстсΦ 

όсуύ  9ƎƭƛΣ aΦΤ {ŀǊƪƘŜƭΣ {Φ [ƻƴŜ tŀƛǊπ!ǊƻƳŀǘƛŎ LƴǘŜǊŀŎǘƛƻƴǎΥ ¢ƻ {ǘŀōƛƭƛȊŜ ƻǊ bƻǘ ǘƻ {ǘŀōƛƭƛȊŜΦ 
!ŎŎΦ /ƘŜƳΦ wŜǎΦ нллтΣ пл όоύΣ мфтςнлрΦ 

όсфύ  WŀƛƴΣ !ΦΤ tǳǊƻƘƛǘΣ /Φ {ΦΤ {ŀƴŘŜŜǇ ±ŜǊƳŀΣ !ΦΤ {ŀƴƪŀǊŀǊŀƳŀƪǊƛǎƘƴŀƴΣ wΦ /ƭƻǎŜ /ƻƴǘŀŎǘǎ 
ōŜǘǿŜŜƴ /ŀǊōƻƴȅƭ hȄȅƎŜƴ !ǘƻƳǎ ŀƴŘ !ǊƻƳŀǘƛŎ /ŜƴǘŜǊǎ ƛƴ tǊƻǘŜƛƴ {ǘǊǳŎǘǳǊŜǎΥ ʃϊϊϊˉ 
ƻǊ [ƻƴŜπtŀƛǊϊϊϊˉ LƴǘŜǊŀŎǘƛƻƴǎΚ WΦ tƘȅǎΦ /ƘŜƳΦ . [ŜǘǘΦ нллтΣ мммΣ усулςусуоΦ 

όтлύ  .ǳǊƭŜȅΣ {Φ YΦΤ tŜǘǎƪƻΣ DΦ !Φ ²Ŝŀƪƭȅ tƻƭŀǊ LƴǘŜǊŀŎǘƛƻƴǎ Lƴ tǊƻǘŜƛƴǎΦ !ŘǾΦ tǊƻǘŜƛƴ /ƘŜƳΦ 
мфууΣ оф ό/ύΣ мнрςмуфΦ 

όтмύ  .ƱŀǎƛŀƪΣ .ΦΤ wƛǘŎƘƛŜΣ !Φ ²ΦΤ ²ŜōōΣ [Φ WΦΤ /ƘƻΣ aΦ ±ƛōǊŀǘƛƻƴŀƭ {ƻƭǾŀǘƻŎƘǊƻƳƛǎƳ ƻŦ 
bƛǘǊƛƭŜ LƴŦǊŀǊŜŘ tǊƻōŜǎΥ .ŜȅƻƴŘ ±ƛōǊŀǘƛƻƴŀƭ {ǘŀǊƪ 5ƛǇƻƭŜ !ǇǇǊƻŀŎƘΦ tƘȅǎΦ /ƘŜƳΦ 
/ƘŜƳΦ tƘȅǎΦ нлмсΣ муΣ мулфпςмумммΦ 

όтнύ  5ŜōΣ tΦΤ IŀƭŘŀǊΣ ¢ΦΤ YŀǎƘƛŘΣ {Φ aΦΤ .ŀƴŜǊƧŜŜΣ {ΦΤ /ƘŀƪǊŀōŀǊǘȅΣ {ΦΤ .ŀƎŎƘƛΣ {Φ /ƻǊǊŜƭŀǘƛƴƎ 
bƛǘǊƛƭŜ Lw CǊŜǉǳŜƴŎƛŜǎ ǘƻ [ƻŎŀƭ 9ƭŜŎǘǊƻǎǘŀǘƛŎǎ vǳŀƴǘƛŦƛŜǎ bƻƴŎƻǾŀƭŜƴǘ LƴǘŜǊŀŎǘƛƻƴǎ ƻŦ 
tŜǇǘƛŘŜǎ ŀƴŘ tǊƻǘŜƛƴǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нлмсΣ мнл όмтύΣ плопςплпсΦ 

όтоύ  aŀǊŎǳǎΣ ¸Φ ¢ƘŜ tǊƻǇŜǊǘƛŜǎ ƻŦ hǊƎŀƴƛŎ [ƛǉǳƛŘǎ ¢Ƙŀǘ !ǊŜ wŜƭŜǾŀƴǘ ǘƻ ¢ƘŜƛǊ ¦ǎŜ ŀǎ 
{ƻƭǾŀǘƛƴƎ {ƻƭǾŜƴǘǎΦ /ƘŜƳΦ {ƻŎΦ wŜǾΦ мффоΣ нн όсύΣ плфςпмсΦ 

όтпύ  !ŎƛŘǎΣ !ΦΤ 5ƻǳƎƘŜǊǘȅΣ 5Φ ŀΦ /ŀǘƛƻƴπt LƴǘŜǊŀŎǘƛƻƴǎ LƴǾƻƭǾƛƴƎ !ǊƻƳŀǘƛŎΦ WΦ bǳǘǊΦ нллтΣ 
мот όсύΣ мрлпςмрлуΦ 
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όтрύ  bŜƛŘƛƎƘΣ WΦ ²ΦΤ CŜǎƛƴƳŜȅŜǊΣ wΦ aΦΤ !ƴŘŜǊǎŜƴΣ bΦ IΦ 5ŜǎƛƎƴƛƴƎ ŀ нлπwŜǎƛŘǳŜ tǊƻǘŜƛƴΦ 
bŀǘΦ {ǘǊǳŎǘΦ .ƛƻƭΦ нллнΣ ф όсύΣ пнрςполΦ 

όтсύ  /ǳƭƛƪΣ wΦ aΦΤ {ŜǊǊŀƴƻΣ !Φ [ΦΤ .ǳƴŀƎŀƴΣ aΦ wΦΤ DŀƛΣ CΦ !ŎƘƛŜǾƛƴƎ {ŜŎƻƴŘŀǊȅ {ǘǊǳŎǘǳǊŀƭ 
wŜǎƻƭǳǘƛƻƴ ƛƴ YƛƴŜǘƛŎ aŜŀǎǳǊŜƳŜƴǘǎ ƻŦ tǊƻǘŜƛƴ CƻƭŘƛƴƎΥ ! /ŀǎŜ {ǘǳŘȅ ƻŦ ǘƘŜ CƻƭŘƛƴƎ 
aŜŎƘŀƴƛǎƳ ƻŦ ¢ǊǇπ/ŀƎŜΦ !ƴƎŜǿΦ /ƘŜƳƛŜ π LƴǘΦ 9ŘΦ нлммΣ рл όпсύΣ млуупςмлуутΦ 

όттύ  5ǳΣ 5ΦΤ ¢ǳŎƪŜǊΣ aΦ WΦΤ DŀƛΣ CΦ ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ aŜŎƘŀƴƛǎƳ ƻŦ π̡IŀƛǊǇƛƴ CƻƭŘƛƴƎ Ǿƛŀ 
tƘƛπ±ŀƭǳŜ !ƴŀƭȅǎƛǎΦ .ƛƻŎƘŜƳƛǎǘǊȅ нллсΣ пр όуύΣ нссуςнстуΦ 

όтуύ  IŜȅŘŀΣ WΦΤ YƻȊƛǎŜƪΣ aΦΤ .ŜŘƴŀǊƻǾŀΣ [ΦΤ ¢ƘƻƳǇǎƻƴΣ DΦΤ YƻƴǾŀƭƛƴƪŀΣ WΦΤ ±ƻƴŘǊŀǎŜƪΣ WΦΤ 
WǳƴƎǿƛǊǘƘΣ tΦ ¦ǊŜŀ ŀƴŘ DǳŀƴƛŘƛƴƛǳƳ LƴŘǳŎŜŘ 5ŜƴŀǘǳǊŀǘƛƻƴ ƻŦ ŀ ¢ǊǇπ/ŀƎŜ 
aƛƴƛǇǊƻǘŜƛƴΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нлммΣ ммр όнуύΣ уфмлςуфнпΦ 

όтфύ  YǿŀƪΣ YΦΤ wƻǎŜƴŦŜƭŘΣ 5Φ 9ΦΤ CŀȅŜǊΣ aΦ 5Φ ¢ŀƪƛƴƎ !ǇŀǊǘ ǘƘŜ ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ 
±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ {ǇŜŎǘǊŀΥ aƻǊŜ LƴŦƻǊƳŀǘƛƻƴ ŀƴŘ 9ƭƛƳƛƴŀǘƛƻƴ ƻŦ 5ƛǎǘƻǊǘƛƻƴǎΦ WΦ /ƘŜƳΦ 
tƘȅǎΦ нллуΣ мну όнлύΣ bƻΦнлпрлрΦ 

όулύ  YǿŀƪΣ YΦΤ tŀǊƪΣ {ΦΤ CƛƴƪŜƭǎǘŜƛƴΣ LΦ WΦΤ CŀȅŜǊΣ aΦ 5Φ CǊŜǉǳŜƴŎȅπCǊŜǉǳŜƴŎȅ /ƻǊǊŜƭŀǘƛƻƴ 
CǳƴŎǘƛƻƴǎ ŀƴŘ !ǇƻŘƛȊŀǘƛƻƴ ƛƴ ¢ǿƻπ5ƛƳŜƴǎƛƻƴŀƭ LƴŦǊŀǊŜŘ ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ 
{ǇŜŎǘǊƻǎŎƻǇȅΥ ! bŜǿ !ǇǇǊƻŀŎƘΦ WΦ /ƘŜƳΦ tƘȅǎΦ нллтΣ мнт όмнύΣ мςмтΦ 

όумύ  YǿŀŎΣ YΦΤ /ƘƻΣ aΦ aƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ {ƛƳǳƭŀǘƛƻƴ {ǘǳŘȅ ƻŦ bπaŜǘƘȅƭŀŎŜǘŀƳƛŘŜ ƛƴ 
²ŀǘŜǊΦ LΦ !ƳƛŘŜ L aƻŘŜ CǊŜǉǳŜƴŎȅ CƭǳŎǘǳŀǘƛƻƴΦ WΦ /ƘŜƳΦ tƘȅǎΦ нллоΣ ммф όпύΣ ннптς
ннррΦ 

όунύ  {ŎƘƳƛŘǘΣ WΦ wΦΤ /ƻǊŎŜƭƭƛΣ {Φ !ΦΤ {ƪƛƴƴŜǊΣ WΦ [Φ ¦ƭǘǊŀŦŀǎǘ ±ƛōǊŀǘƛƻƴŀƭ {ǇŜŎǘǊƻǎŎƻǇȅ ƻŦ 
²ŀǘŜǊ ŀƴŘ !ǉǳŜƻǳǎ bπaŜǘƘȅƭŀŎŜǘŀƳƛŘŜΥ /ƻƳǇŀǊƛǎƻƴ ƻŦ 5ƛŦŦŜǊŜƴǘ 9ƭŜŎǘǊƻƴƛŎ 
{ǘǊǳŎǘǳǊŜκƳƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ !ǇǇǊƻŀŎƘŜǎΦ WΦ /ƘŜƳΦ tƘȅǎΦ нллпΣ мнм όмуύΣ ууутς
ууфсΦ 

όуоύ  YƛƳΣ ¸Φ {ΦΤ [ƛǳΣ [ΦΤ !ȄŜƭǎŜƴΣ tΦ IΦΤ IƻŎƘǎǘǊŀǎǎŜǊΣ wΦ aΦ н5 Lw tǊƻǾƛŘŜǎ 9ǾƛŘŜƴŎŜ ŦƻǊ 
aƻōƛƭŜ ²ŀǘŜǊ aƻƭŜŎǳƭŜǎ ƛƴ π̡!ƳȅƭƻƛŘ CƛōǊƛƭǎΦ tǊƻŎΦ bŀǘƭΦ !ŎŀŘΦ {ŎƛΦ ¦Φ {Φ !Φ нллфΣ 
млс όпнύΣ мттрмςмттрсΦ 

όупύ  .ŀƪƪŜǊΣ IΦ WΦΤ {ƪƛƴƴŜǊΣ WΦ [Φ ±ƛōǊŀǘƛƻƴŀƭ {ǇŜŎǘǊƻǎŎƻǇȅ ŀǎ ŀ tǊƻōŜ ƻŦ {ǘǊǳŎǘǳǊŜ ŀƴŘ 
5ȅƴŀƳƛŎǎ ƛƴ [ƛǉǳƛŘ ²ŀǘŜǊΦ /ƘŜƳΦ wŜǾΦ нлмлΣ ммл όоύΣ мпфуςмрмтΦ 

όурύ  YǳƳŀǊΣ wΦΤ {ŎƘƳƛŘǘΣ WΦ wΦΤ {ƪƛƴƴŜǊΣ WΦ [Φ IȅŘǊƻƎŜƴ .ƻƴŘƛƴƎ 5ŜŦƛƴƛǘƛƻƴǎ ŀƴŘ 5ȅƴŀƳƛŎǎ 
ƛƴ [ƛǉǳƛŘ ²ŀǘŜǊΦ WΦ /ƘŜƳΦ tƘȅǎΦ нллтΣ мнс όнлύΣ bƻΦ нлпмлтΦ 

όусύ  5Ŝ/ŀƳǇΣ aΦ CΦΤ 5ŜCƭƻǊŜǎΣ [ΦΤ aŎ/ǊŀŎƪŜƴΣ WΦ aΦΤ ¢ƻƪƳŀƪƻŦŦΣ !ΦΤ YǿŀŎΣ YΦΤ /ƘƻΣ aΦ 
!ƳƛŘŜ L ±ƛōǊŀǘƛƻƴŀƭ 5ȅƴŀƳƛŎǎ ƻŦ b πaŜǘƘȅƭŀŎŜǘŀƳƛŘŜ ƛƴ tƻƭŀǊ {ƻƭǾŜƴǘǎΥ  ¢ƘŜ wƻƭŜ ƻŦ 
9ƭŜŎǘǊƻǎǘŀǘƛŎ LƴǘŜǊŀŎǘƛƻƴǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ . нллрΣ млф όнмύΣ ммлмсςммлнсΦ 

όутύ  !ǎōǳǊȅΣ WΦ .ΦΤ {ǘŜƛƴŜƭΣ ¢ΦΤ {ǘǊƻƳōŜǊƎΣ /ΦΤ /ƻǊŎŜƭƭƛΣ {Φ ŀΤ [ŀǿǊŜƴŎŜΣ /Φ tΦΤ {ƪƛƴƴŜǊΣ WΦ [ΦΤ 
CŀȅŜǊΣ aΦ 5Φ ²ŀǘŜǊ 5ȅƴŀƳƛŎǎΥ  ±ƛōǊŀǘƛƻƴŀƭ 9ŎƘƻ /ƻǊǊŜƭŀǘƛƻƴ {ǇŜŎǘǊƻǎŎƻǇȅ ŀƴŘ 
/ƻƳǇŀǊƛǎƻƴ ǘƻ aƻƭŜŎǳƭŀǊ 5ȅƴŀƳƛŎǎ {ƛƳǳƭŀǘƛƻƴǎΦ WΦ tƘȅǎΦ /ƘŜƳΦ ! нллпΣ млу όтύΣ 
ммлтςмммфΦ 
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Supplementary Information for Tyrosine as a Non-perturbing Site-specific Vibrational 

Reporter for Protein Dynamics 

 Temperature effects 

Figures S3-1 shows no significant changes in the vibrational bandwidth over the 

temperature range of 16-82°C with an average value of the variation in the bandwidth of 

less than ~0.5 cm-1. Similarly, the maximum peak position exhibits a change of less than 

0.4 cm-1 over the same temperature range. In many other vibrational probes such as 

cyano- groups, significant changes in vibrational frequency and bandwidth are often 

attributed to direct hydrogen bonding interactions with the probe.1 However, these 

observations of the tyrosine IR transition suggest the influence of direct hydrogen 

bonding on the vibrational frequency is quite minimal.  

pH effect 

Under basic conditions (pH ~12), the infrared transition of the ring mode is found at 1500 

cm-1 with a 10.4 cm-1 bandwidth. As the pH is lowered to less than 7, the transition is blue 

shifted by 17 cm-1 with a narrower bandwidth (6.96 cm-1).  At higher pH, the deprotonated 

hydroxide group on the ring causes the vibrational frequency to decrease due to 

resonance effects that weaken the bond order (Figure S3-3). In addition, the increase in 

the number of resonance structures causes the bandwidth to increase compared to the 

protonated state. At the intermediate pH of 10.22, both the deprotonated and 

protonated states are present resulting in the observation of both infrared transitions 
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(Figure S3-4). As the pH becomes more basic, a higher percentage of the deprotonated 

structure is present in solution.  

 Influence of capping effects 

Initial studies suggested that the infrared spectrum of L-Tyrosine (Aldrich chemical 

company, Inc.) in THF showed a significant shift in the peak maximum (Figure S3-5). To 

further investigate the cause of this peak shift, samples of Tyrosine with several capping 

group were studied.  The tyrosine derivatives, N-Acetyl L-Tyr, N-Acetyl L-Tyr amide were 

obtained from Chem Impex International, Inc. Infrared studies demonstrated that capping 

the N terminus resulted in a shift in the peak positions to higher frequency (Figure S3-6). 

DFT simulations performed using Gaussian09 (B3LYP, 631G+(d,p)) exhibited a small but 

significant contribution of the NH2 group the ring mode transition.  Thus, upon capping 

the NH2 with an acetyl group, a more rigid structure results from the heavier substituent 

causing the ring to vibrate at a higher frequency. All subsequent studies used tyrosine 

with both the N-terminus acetylated and C-terminus amidated. 

 Contributions to the observed vibrational bandwidths 

The Kamlet-¢ŀƭŦ ǇŀǊŀƳŜǘŜǊΣ ʲΣ ǊŜŦƭŜŎǘǎ ǘƘŜ ŜƭŜŎǘǊƻƴ ŘƻƴŀǘƛƴƎ ŎŀǇŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǎƻƭǾŜƴǘΦ2  A 

trend between this parameter and the experimental bandwidth is observed (Figure S7). 

These observations suggest that the lone pairs of each solvent create a distribution of 

structures with varying vibrational frequency resulting from the repulsive interaction with 

the ring. This is further substantiated by the performed DFT calculations mentioned in the 

text. The linear fit (R2=0.44) suggests a moderate relationship between the observed 
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changes in the bandwidth and electron donating ability. The trend is similar to that of the 

electric field strength. However, it does not hold for water and methanol as mentioned in 

the main text. This deviation suggests that other solvent characteristics have importance, 

for example, the log of the solvent partition coefficient (log P), which is a measure of the 

hydrophobicity.3 

Although there is not a linear relationship between the log P value of each solvent and 

the experimental bandwidth (Figure S3-8), the separation of the values into positive and 

negative groups hold significance. The negative values of the log P illustrate the lack of 

hydrophobicity of water and methanol while the more positive values represent the 

hydrophobic solvents. Thus, it helps explain the deviation from the electron donating 

ability of water and methonal. The two solvents are not hydrophobic enough to solvate 

the ring leading to less significant interactions. Although DMSO also has a negative log P, 

ǘƘŜ ƭŀǊƎŜ ǾŀƭǳŜ ƻŦ   ʲΣ ŜƭŜŎǘǊƻƴ ŘƻƴŀǘƛƴƎ ŀōƛƭƛǘȅΣ ŎƻƳǇŜƴǎŀǘŜǎ ŎŀǳǎƛƴƎ ǘƘŜ ƭŀǊƎŜ ƻōǎŜǊǾŜŘ 

bandwidth.  
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Chemical denaturation of Trp-cage miniprotein 

The FTIR spectra of Trp-cage miniprotein in water and chemical denatured (GdnHCl) state 

of Trp-cage in solution at room temperature (~25°C) are shown in Figure S3-7. Each 

spectrum were fit to the following Gaussian function: ώ ώл Ҍ Ὡ
Ŏ 

 . Although 

both infrared spectra have a Gaussian shape, the observed vibrational bandwidth of the 

tyrosine ring mode in the folded state was ~1.3 cm-1 larger than the chemically denatured 

state.  

Molecular dynamic simulations 

All Molecular Dynamics (MD) simulations were performed with Nanoscale Molecular 

Dynamics (NAMD) 2.9 utilizing a tyrosine amino acid with the N-terminus acetylated and 

the C-terminus amidated with a 30 Å solvent box. Simulations were performed for all 

solvents used in experiment: water, methanol, dimethyl sulfoxide, trifluoroethanol, 

diethyl ether, acetonitrile, and chloroform. The MD calculations were computed with a 

time step of 2 fs, and the solvent box was allowed to minimize for 1000 steps (2 ps) at 0 

Kelvin before starting the dynamics simulation, while subject to periodic boundary 

conditions. The temperature was then reassigned every 500 steps until reaching a preset 

value, simulating a slow heating of the molecule. Our settings increase the temperature 

by 20 degrees each time to a maximum of 298K. Once the box was heated to 298K, a 

production run was carried out for 500000 steps (1 ns) and 5000000 steps (10 ns).  
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For the electric field calculations, the direction and the magnitude of the ring-breathing 

vibrational mode dipole were obtained via Guassian09 calculations mentioned above. The 

direction was determined to be roughly parallel to the vector connecting the 1,4 carbons 

on the ring. To begin the electric field calculation, the force due to the coulombic 

interaction between a given atom in the tyrosine ring and each solvent atom within a 

given radius were added together. The force due to the coulombic interaction was then 

projected along the dipole of the ring mode. For our calculations, we utilized all six atoms 

on the ring-breathing mode of Tyrosine measuring the solvent effect over a 20 Å radius 

as the interactions beyond this distance should be negligible. The computed electric fields 

were then plotted as a function of the bandwidth of the experimental peaks. The slope of 

the resulting line correlates to the Stark effect.4 Due to the external field applied to a 

sample, the local field on a probe due to the external charges will differ from the 

accurately known external (Maxwell) field by a factor called the local field correction 

factor.4 The local field will generally be larger because of extra contributions arising from 

polarization of the medium surrounding the probe induced by the external field. 

Unfortunately, the extent to which the local field is greater than the external field is not 

precisely known, and thus cannot be calculated from force field data. Using a combination 

of Stark spectroscopy and DFT simulations, Boxer estimated a correction factor between 

1.4 and 1.8 for calculated electric fields in different solvents.4 Following previous work,4,5 

a correction factor of 1.8 was applied to the resulting electric field values calculated from 

the MD simulations.  
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Figure S3-1.  Temperature dependence of vibrational bandwidth of the tyrosine ring 

mode in water. 
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Figure S3-2. Temperature dependence of maximum peak position of the tyrosine ring 

mode in water.      
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Figure S3-3. Normalized infrared spectra of the tyrosine ring mode at pH 7 (blue) and 

pH 12 (orange) 
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Figure S3-4. Normalized infrared spectrum of tyrosine ring mode at pH 10.22 (green) 
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Figure S3-5. Normalized infrared spectrum of tyrosine in THF (gray) and water (green) 
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Figure S3-6. Normalized infrared spectrum of tyrosine amino acid in THF (gray), N-Acetyl 

L-Tyr in THF (purple) and N-Acetyl L-Tyr amide in THF (orange). 
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Figure S3-7. Relationship between the vibrational bandwidth and the solvent electron 

donor ability 
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Figure S3-8.  Relationship between vibrational bandwidth and the log of the solvent 

partition coefficient 
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Figure S3-9: Normalized infrared spectra of tyrosine in Trp-cage miniprotein under 

chemical denaturation conditions (green) as well as the spectrum of the folded 

miniprotein in water (red). 
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Chapter IV: Unperturbed Detection of the Dynamic Structure in the Hydrophobic Core 

of Trp-cage via 2D IR Spectroscopy 

This work is in preparation for submission to Journal of Physical Chemistry Letters 

Farzaneh Chalyavi, and Matthew J. Tucker 

The tyrosine ring mode is an intrinsic non-perturbing site-specific infrared reporter 

for conformational dynamics within protein systems. The ring mode is influenced by direct 

and indirect interactions associated with the electron donating ability and the 

hydrophobicity of the surrounding solvent molecules. The 2D IR spectra of an intrinsic 

tyrosine moiety of Trp-cage, often called the óhydrogen atomô of protein folding, was 

measured in the native folded and denatured states to uncover the dynamics of the 

hydrophobic core. The vibrational lifetime and the correlation decay of the tyrosine ring 

mode showed significant changes upon chemical denaturation of the Trp-cage miniprotein, 

indicating important structural features of the hydrophobic core and its dynamics. These 

results are in good agreement with the NMR structure of the folded and unfolded state but 

they go beyond the static structure. This naturally occurring tyrosine allows insights into 

the folded state of Trp-cage revealing the role of water and the stabilizing side chain 

contacts within the hydrophobic core.  

Introduction 

Trp-cage miniprotein, often called the hydrogen atom of folding, is one of the 

smallest peptide models that can adopt a spontaneous well-defined fold in 4 µs, among the 

smallest and fastest foldable proteins.1 The small size and relatively fast folding rates of 
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this protein allow for the development of accurate protein folding models and folding 

prediction algorithms for use in determination of thermodynamic and folding properties of 

larger globular proteins. This miniprotein folds into a stable protein structure, with a well-

defined secondary and tertiary structure. The secondary structure of the folded protein 

includes a hydrophobic core formed around a central tryptophan (Trp) residue. The protein 

tertiary structure includes an N-terminal Ŭ-helix, followed by a short 310 helix and a C-

terminal PolyproIine II (PPII) helix. The hydrophobic core of the Trp-cage miniprotein 

contains seven residues: Tyr3, Trp6, Leu7, Gly11, Pro12, Pro18 and Pro19. The strong and 

compact hydrophobic core has been of much interest for theoretical and experimental 

studies. In addition, Hagen and coworkers have investigated the folding mechanism 

utilizing laser temperature jump (T-jump) spectroscopy revealing a two-stage folding 

process, which has been supported by thermodynamic studies using differential scanning 

calorimetry and circular dichroism spectroscopy.1 Other studies suggest the presence of a 

molten globule-like stable intermediate as well as an Ŭ-helical structure of the protein by 

utilizing fluorescence correlation spectroscopy and UV-resonance Raman spectroscopy. 

The hydrophobic contacts were originally found in the protein by NMR pulse-label-

experiments. The NMR and IR T-Jump experiments also have suggested the presence of 

possible intermediates in the folding mechanism and the existence of  hydrophobic/native 

contacts in the unfolded state.2,3,12ï14,4ï11 

For this reason, several MD simulations have attempted to predict the folding 

mechanism both in implicit and explicit solvent models. These studies focused on the 

folding pathway, various intermediate states, secondary structures, and the presence of 
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native contact.4,15ï17 The MD simulations show the critical influence of Trp6 residue 

conformations on the Trp-cage folding process.18 The T-jump study by Gai and coworkers 

investigated the kinetic measurements and the secondary structure in the folding 

mechanism of the Trp-cage. Based on this study, 310-helix unfolds before the global 

unfolding of the miniprotein. The cage structural formation is affected by the folding of 

the Ŭ-helix.5 

It is very difficult to study the key native contacts of the folded state due to 

limitations in side chain probes, i.e. possible perturbations to the region of interest. Intrinsic 

amino acid side chain probes can monitor the activity in the heart of the biological 

processes. Understanding the dynamics and variations in the protein structure aid in 

development of therapeutics and drug design. Typically, the amides of backbone carbonyls 

have been utilized to detect the presence of different secondary structures of the proteins. 

However, side chain probes can capture key contacts necessary to native folds and 

intermediate states by uncovering the site-specific changes in the local environment. 

Previously, native side chains utilized as infrared probes include arginine, histidine, Asp 

and Glu carboxyl groups, aromatic rings, and the ester carbonyl.19ï21 It was shown that 

arginine is important for the detection of salt bridge formation.21 Histidine side chains 

reported on the pH within the M2 channel and the start of the viral replication process.19 

By monitoring changes around side chain probes, detailed information about variations in 

the local structure can be captured during biological activities. In particular, studies of the 

intrinsic behavior of the hydrophobic core region are intrinsically difficult due to solubility 

issues and the sensitivity of the core to structural perturbations.14,22,23To observe these 
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important side chain interactions within proteins requires an IR reporter that is both 

sensitive to the expected forces in a hydrophobic core, i.e. hydrophobicity, and electron 

repulsion often found in conjugated systems. The tyrosine ring mode has been developed 

and characterized as a site-specific IR probe that wields such properties.24 For example, the 

infrared bandwidth of this mode has been shown to be sensitive to the electrostatic field.24 

In fact, a linear correlation was uncovered to relate variations in the tyrosine ring mode 

bandwidth with changes in the local electrostatic field, modeled through a variety of 

solvents. Remarkably, Trp-cage miniprotein contains a tyrosine directly involved in the 

hydrophobic core formation. 24 

Linear IR bandwidth correlation was used to demonstrate differences in electric 

field strength, as observed via the tyrosine residue, within the hydrophobic core for the 

Trp-cage miniprotein native and denatured states.24 By measuring the experimental 

bandwidth and utilizing the developed correlation with the electric field (Figure 4-1), the 

interior of the hydrophobic core in the Trp-cage miniprotein was determined to be similar 

to acetonitrile (value of electric field) in native folded state and recovered the bandwidth 

of water in the denatured  state (Figure  4-1). Although the vibrational bandwidth is 

sensitive to denaturation of this miniprotein, the sources for the bandwidth changes remains 

in question. Moreover, the variations in the bandwidth are moderately small.24 Thus, in 

order to have more precise measurement dynamics and identify the likely interactions 

responsible, 2D IR spectroscopy has been utilized and the sources of the possible 

interactions were uncovered with the help of prior structural studies.10,25  Significant 
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differences in the vibrational lifetime and the correlation decay of tyrosine moiety of the 

Trp-cage miniprotein were observed via 2D IR spectroscopy.  

  First, the FTIR spectra of Trp-cage miniprotein in water and chemical denatured 

(GdnHCl) state of Trp-cage in solution at room temperature (~25°C) were measured 

(Figure 4-2). Similar to prior results 24, the vibrational bandwidth of the tyrosine ring mode 

in the folded state (~ 6.2 cm-1) was ~26% larger than the chemically denatured state (~ 2M 

GdnHC).26 Additionally, the intensity of the IR transition, i.e. the absorption cross section, 

decreases by a half upon denaturation, likely due to fast homogeneous dephasing as 

observed in different solvents.24 The major contributions to the linear IR bandwidth are 

due to the population relaxation, i.e. the vibrational lifetime, and frequency-frequency 

correlation decay resulting from homogeneous and inhomogeneous dephasing terms. Thus, 

2D IR measurements have been performed to investigate these major contributions.  

 The waiting time dependence, T=0:150:1200 fs, of the 2D IR spectra were obtained 

for both the folded and chemically denatured states of Trp-cage miniprotein.  The 2D IR 

spectrum of the Trp-cage in the folded state show a 0­1 transition is located at 

ɤt=ɤŰ=1518 cm-1 with the 1­2 transition anharmonically shifted by 11.7±0.9 cm-1. 

Similarly, the 2D IR spectra of Trp-cage in the denatured state exhibited the 0­1 transition 

is located at 1517 cm-1 with a slightly larger anharmonicity of 14.5±1.8 cm-1. Based on 

prior studies,24 these values are somewhat expected based on the 2D IR of the tyrosine 

amino acid in D2O and organic solvent.  As a result of the population relaxation (T10), the 

positive signals decay during waiting time, T, with a time constant equal to 6.2±1.7 ps and 

2.1±0.4 ps in folded and denatured states, respectively. Assuming single exponential 
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decays of the diagonal signals, the relaxation time is equal to the time when only 37% of 

the signal remains. The lifetime decay of tyrosine moiety in the denatured Trp-cage and 

the tyrosine amino acid in water (~2.2±0.2 ps) 24 are in agreement, suggesting that the ring 

mode in chemically denatured Trp-cage miniprotein is similar to water, i.e. it is solvent 

exposed. However, a slower lifetime decay is observed for the folded state of the 

miniprotein. Zanni and coworkers have shown that the degree of solvation can significantly  

alter the vibrational lifetime.27 In addition, the amount of mobile water in Trp-cage 

miniprotein has been suggested by NMR and MD simulations to have different degrees of 

hydration between the folded and disordered states.6 So, it is not surprising that the strong 

hydrophobic core would have a significantly lesser degree of solvation. 

In addition to the signal intensity changes, both diagonal peaks are tilted and 

elongated along the diagonal at the earliest times as a result of inhomogeneous broadening. 

By observing waiting time dependence of the positive diagonal signal of the 2D IR spectra 

at T=150fs and 1200fs (Figure 4-3), the inverse of the center line slope (CLS) changes as 

the peaks become more circular, giving evidence of the loss of frequency correlation. It is 

clear that the changes in the spectral shape and the slopes that the dephasing is faster in 

hydrophobic core than in the bulk water. For a more detailed analysis, the correlation 

decays have been determined by CLS method.28,29 It should be noted that the initial 

magnitude of the inverse slope for both cases is somewhat smaller than other oscillators,24 

suggesting that some fast motions have already caused significant spectral dephasing. 

Assuming a single exponential decay, the correlation decay in the folded state was 

determined to be 968±77 fs, while upon chemical denaturation the decay is 1.6x longer 
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(1500±100 fs) (Figure 4-4). The significantly faster dephasing in the folded state is similar 

to that reported for tyrosine in DMSO.  However, the source of the dephasing must be 

somewhat different. Upon inspection of the NMR structure (pdb 1I2LY)), the average value 

of the distance between tryptophan and tyrosine in the hydrophobic core is about  6.6 Å. 

Based on the computations in our prior report24, it is expected that significant frequency 

fluctuations occur between distances of 2.4 to 8.3 Å due to the repulsive interactions 

between lone pair electrons and the conjugated ring. Thus, these results suggest that 

tryptophan and tyrosine are closely stacked fluctuating over a distance range close enough 

for the lone pair on the tryptophan to affect the ring mode frequency. Overall, the stacking 

observed in the hydrophobic core is stabilized by hydration effects and the stacking 

interaction/key contacts between the aromatic rings. 

Using 2D IR spectroscopy, the dynamics and structure of the tyrosine residue 

helped uncover detailed information about the hydrophobic core of Trp-cage miniprotein. 

Based on previous studies the linear correlation in IR bandwidth and electric field, it was 

expected that the vibrational dynamics would be significantly different between the folded 

and the denatured state. Now, the reasons for these differences have been identified through 

the vibrational lifetime and correlation decays with the aid of the NMR structure. The 

slower vibrational lifetime of the folded state shows the hydrophobic core likely is 

dehydrated. Furthermore, the stacking effect of aromatic Trp residue in the core in contact 

with Tyr residue is responsible for the overall stability but retains a fluidity in its structural 

dynamics to result in faster dephasing in the folded state. 
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Methods 

Trp-cage was synthesized by standard Fmoc solid-phase protocol on the aapptec Focus XC 

peptide synthesizer. The peptide was purified by reverse-phase HPLC with Vydac C18 

column and characterized by Bruker MALDI-TOF mass spectrometry. 

2D IR methods. Heterodyned spectral interferometry was utilized for obtaining the 

spectra. Fourier-transform limited 80 fs pulses with a central wavelength of 6591 nm were 

employed in the 2D IR experiments. Three Ḑ1 ɛJ laser pulses with wave vectors k1, k2, and 

k3 were incident to the sample generating a signal in the direction ks = īk1 + k2 + k3 with 

the ordering 123 (rephasing) and 213 (nonrephasing). To obtain absorptive spectra, the 

rephasing and nonrephasing 2D frequency spectra were properly phased and combined. To 

observe any changes in the spectral characteristics, the waiting time, T, between the second 

and third pulse was varied from 0 to 2 ps. After appropriate Fourier transforms along the 

coherence, Ű, and detection, t, axes, the 2D IR spectra were plotted as ɤŰ vs ɤt.
30  
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Figure 4-1. Linear Correlation between the tyrosine infrared bandwidth and the 

electric field tested in Trp-cage miniprotein folded (red), temperature denatured 

(blue) and chemically denatured (green). American Chemical Society, Copyright 

2017 
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Figure 4-2. Normalized FTIR spectra of Trp-cage 

miniprotein in native (red) and chemically denatured (green) states (left), Trp-cage 

molecular structure adopted form (PDB 1I2LY)) (right) 
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Folded Trp-cage 

150fs 

1200fs 

Chemical Denatured  Trp-cage 

1200fs 

150fs 

Figure 4-3. 2D IR spectra of Trp-cage miniprotein at different waiting times Folded state (left) 

denatured state (right) 
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Figure 4-4- Correlation decay of Trp-cage in folded (blue) and denatured states (red) 

Denatured ̱= 1500 ± 100 fs 

Folded ̱= 968 ± 77 fs 
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Chapter V. Tyrosine incorporated in different probe-pairs for structural changes and 

dynamics in biomolecules 

This work is in preparation for submission to Journal of Physical Chemistry B. 

Farzaneh Chalyavi, Andrew J. Schmitz, Anthony Harrington, Yftah Tal-Gan, Matthew J. 

Tucker* 

The combination of vibrational probe pairs and 2D IR spectroscopy provides structural 

maps for uncovering conformational dynamics occurs in active biomolecules, which 

allows for insights into the molecular movements that lead to biomolecule functionality 

along equilibrium and non-equilibrium pathways. Well-positioned probe pairs can 

simultaneously detect the dynamics within two different regions and measure distances 

in places where biological function takes place. A systematic study of a variety of 2D IR 

probe pairs, including labelled amides, cyano- modes, and azido- modes, have been 

performed to provide structural tools for biomolecules. In our study, the vibrational probe 

pair library has been extended to side chain ring modes by focusing on the presence of 

coupling between different pairs of these vibrational reporters with each other as well as 

their sensitivity to frequency fluctuations resulting from local environment changes.  

Introduction 

Different regions of biomolecules experience various activities and undergo different 

mechanisms. It is important to understand the dynamics in these regions for the 

functionality of the biomolecules. Probing the conformational dynamics in several regions 
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simultaneously is possible by utilizing two different probes provided that their transitions 

are not overlapped so the details of changes for each transition can be monitored 

separately. Isotope labeling and non-natural amino acids have been incorporated in the 

peptide and protein systems for this goal. 1ς4 

Isotope-labeling (editing) allows for measuring kinetics and structural features of 

individual residues in a large protein system. By utilizing isotope labeling, the overlapped 

vibrational features can be separated and each transition features such as bandwidth and 

peak position can be accurately determined. Also shifting the transition to lower 

frequency helps for a more isolated transition which helps with better analysis of the 

effect of environmental changes. 5ς9 

Non-natural amino acids such as cyano-phenylalanine, cyano-tryptophan, azido-

pheylalalnine, azido-alanine have been utilized as environmentally sensitive vibrational 

probes for biomolecules.10ς17Having a single probe within a protein system has several 

advantages such as monitoring the dynamics and structural fluctuations without any 

overlapped transition. There are advantages of incorporating multiple probes within a 

peptide or protein system for a detailed structural map which can provide accurate 

structural determination upon conformational changes. The dynamics and 

conformational changes can be obtained at two different regions in a protein system 

simultaneously by utilizing probe pairs. Looking at two probes at different sites within a 

protein system simultaneously can lead to the vibrational coupling that can allow for 

distance and orientation details between the probes.  
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Vibrational coupling between dipoles can be measured by monitoring the cross peak 

intensity decays over time in a 2D IR spectrum. 18 

Various probe-pairs have been recently developed and utilized for structural and solvent 

dynamics in different sites of the peptide and protein systems simultaneously, and by 

following the vibrational coupling features between the pair, the distance and angle can 

be obtained in biological systems. The isotope labeled amide I (13C=18O) and amide II (15N 

ƭŀōŜƭŜŘύ ƳƻŘŜǎ ǇǊƻōŜ ǇŀƛǊ Ƙŀǎ ōŜŜƴ ǘŜǎǘŜŘ ƛƴ /ʰΣʰ-diethylglycine homotetrapeptide 

which can be extended into most protein backbones.19 Two commonly used non-natural 

probes, -N3 and -CN, have been incorporated in a nucleoside sample όн-azido-5-cyano-н-

deoxyuridine (N3CNdU) as a probe-pair. By utilizing the azido- and cyano-groups on the 

same molecular scaffold, there will be the ability to monitor the vibrational coupling and 

the correlation of the coupling to the distances between the probes as well as the angle 

between the probes. 3 The cyano- probe pair has been introduced between two small 

non-perturbative probes Trp5CN and Phe4CN which gave the ability to provide insights on 

solvent and structural dynamics at different sites of a peptide. 20 

The tyrosine ring mode has been introduced and tested as a site-specific intrinsic 

vibrational probe for conformational dynamics. The ring mode transition is sensitive to 

local environmental changes as a linear correlation between the experimental bandwidth 

of the ring mode and the local electric field sensed by the ring breathing mode in various 

solvents has been obtained. The efficacy of the tyrosine ring mode in protein systems has 

been tested in hydrophobic core of the Trp-cage miniprotein in folded and denatured 
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states. The local electric field changes upon denaturation has been sensed by the ring 

mode IR bandwidth.21 

Because tyrosine is intrinsically present in biomolecules. The ring breathing mode can be 

utilized for monitoring dynamics and structural changes within peptide and protein 

systems. Finding a vibrational probe pair for tyr ring mode would have advantages toward 

better understanding the mechanism of action and structural fluctuations in 

biomolecules. Tyr as a side-chain probe can be paired with another tyrosine ring mode 

within a peptide system to give the advantage of monitoring two regions of the system 

simultaneously by utilizing 2D IR spectroscopy. In order to look at two tyrosine residues 

within the same system simultaneously, the ring breathing mode needs to shift from the 

regular tyrosine ring mode transition to decrease the overlap between two ring modes 

and be able to monitor changes more accurately for each site. For that reason, isotope-

labeled tyrosine, Tyr (3,5)-d, has been introduced and tested as a potential pair for 

unlabeled tyrosine. 

Results and Discussion 

At first, the FTIR spectra of the labeled tyrosine in D2O and DMSO have been collected 

and the transition has been shifted to lower frequency of 1475 cm-1 in D2O compared to 

tyrosine (1517 cm-1) due to the higher mass of the isotope-labeled tyrosine. The TyrD 

transition in DMSO is located at 1477 cm-1. The bandwidth of the ring mode transition is 

%15 larger in DMSO compare to D2O which is similar to the Tyr results shown previously.21 

The bandwidth is 7.3 and 6.2 cm-1 in DMSO and D2O, respectively. 
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To check the features of this probe for 2D IR studies, 2D IR spectra of Tyr (3,5)-d in D2O 

and DMSO has been collected from 0 to 2 ps. The vibrational lifetime and correlation 

decay data show similar values and features as tyrosine values previously reported.21 

To confirm that the deuteration of the tyrosine ring is not affecting the features of this 

ring mode as a site-specific probe, 2D IR spectra of TyrD in water and DMSO have been 

collected to be compared with the unlabeled tyrosine data reported before. 

The vibrational lifetime has been measured for TyrD in water and DMSO to be 1.90 ± 0.20 

ps and 2.00 ±0.09 ps, respectively. The correlation decay of TyrD in water is around 1.4 

±0.4 ps and in DMSO is 700 ± 200 fs which are in good agreement with the results for the 

unlabeled Tyr in water and DMSO 2D IR data. The larger bandwidth transition of TyrD in 

DMSO has elongated along the diagonal in the 2D IR spectrum. 

To test the ability of using TyrD and Tyr in a peptide system to measure dynamics 

simultaneously, a model short peptide, KYpY(d)K, has been synthesized. The 2D IR 

measurements have been collected for this peptide. As deuteration of the ring will shift 

the IR transition to a lower frequency. The diagonal peaks for both ring mode transitions 

are located at 1517 and 1475 cm-1. The separation in the peak positions will allow for 

monitoring dynamics at different sites simultaneously which can be beneficial for 

biomolecules that experience completely different environment upon their functionality. 

There is a Fermi resonance band present in the FTIR and 2D IR of the tyrosine as it is 

shown in Figure 5-2. The peak is a shoulder band located at 1507 cm-1. Interestingly by 
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deuteration of the tyrosine ring at position 3 and 5, the Fermi resonance has been 

eliminated which helps with better and more reliable analysis of the dynamics and 

structural changes in biomolecules. The population relaxation and correlation decay of 

the two transitions seen in KYPYdK have been measured. The lifetime decays for these 

transitions were measured to be 1.30±0.04ps and 1.9±0.1ps for TyrD and Tyr, 

respectively. This unique probe-pair can be utilized for monitoring the local environment 

changes in various regions of the peptide or protein under study. In this model peptide 

chosen due to the ring modes dipoles orientation, there is no vibrational coupling present. 

Tyr-TyrD pair can be incorporated in large biomolecules that contain the two tyrosine 

residues which could undergo different transitions during the protein functionality. 

Looking at the two sites allows for systematic analysis of dynamics and structural changes 

within the system for example ion channel such as potassium channels can be studied 

with this unique probe-pair. In the case of the vibrational coupling between this ring mode 

probe-pair, structural determination such as angle and distance between the probes can 

also be obtained. The distance and angle between the probe-pair can be varied during 

folding- unfolding processes, as well as during opening and closing the ion channels. 

Therefore, insight into structural and mechanistic information can be detected by utilizing 

the ring mode probe-pair.  

The tyrosine ring mode has been shown to be a sensitive site-specific IR probe for 

conformational dynamics. It would be useful to incorporate both side-chain and backbone 

probes for detailed mapping of structures.  The amide I band has been utilized for 
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monitoring the peptide and protein backbone dynamics and structural variations. By 

isotope-editing the amide I group, the transition can be shifted to a lower frequency in a 

more isolated region of the IR spectrum to decrease the amount of overlap with other 

backbone transitions and can be utilized for detecting the environmental variations for a 

specific residue backbone. By incorporating both isotope-labeled amide I as an isolated 

backbone and the tyrosine ring mode as a side chain probe, the dynamics and structural 

fluctuations can be obtained for both sites within the system as well as mapping the global 

structure of biomolecules by looking at the interaction of backbone and the side chain 

simultaneously. The structural determination of the biomolecule can be obtained by the 

presence of vibrational coupling between this backbone-sidechain probe-pair. To test the 

efficacy of utilizing the isotope-labeled amide I backbone and the tyrosine ring mode as a 

sidechain probe, tyrosine and 13C-alanine model peptide (Ala(13C)-Tyr) has been 

synthesized and the collected 2D IR spectra of this model peptide in water reveal the 

presence of vibrational coupling between this probe-pair by looking at the cross peak at 

the intersection between both diagonal transitions (Figure 5-3). The diagonal peaks for 

these transitions are located at 1521,1609 cm-1 along the diagonal. The cross peak due to 

the vibrational coupling is located at {1522,1581}, {1521,1601} cm-1. The related 

anharmonicity of the cross peaks is measured to be 20 cm-1.  

To further extend the application of these probe-pairs (ring mode pair and backbone-ring 

mode pair) for biomolecules dynamics and conformational changes, all the probes can be 

incorporated in a model peptide KY13AYdK.  
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Conclusion 

Tyrosine (3,5d) has been introduced and tested as a vibrational probe with similar 

features as what has been reported for unlabeled tyrosine. The TyrD has been developed 

to be incorporated in a ring mode probe-pair with Tyr, Tyr-TyrD. Based on the results 

reported here, the ring mode probe-pair can be utilized for monitoring structural and 

solvent dynamics in different sites of peptide and protein systems simultaneously. This 

has been tested in KYPYdK model peptide. Another probe-pair that has been introduced 

and tested in this paper is Ala13-Tyr as an isolated backbone and a side chain ring mode 

probe pair for structural determinations such as mapping the global structure of the 

biomolecules. By analyzing the cross peak features of the probe-pairs, the vibrational 

coupling strength can be uncovered which therefore allows for more detailed structural 

information of the dipoles orientation and distances between the probe-pair. These 

probe-pairs can be used for modeling structural rulers for peptide and protein systems. 

They can be incorporated into larger biomolecules such as gated channels that involve 

two tyrosine residues or a tyrosine in pair with an isolated backbone residue of the 

peptide/protein, the residue undergoes different environment or mechanism during 

functionality. 

 Methods 

The Fmoc-Tyrosine (3,5-d)-OH has been synthesized by Dr. Tal-Gan group. The L-Tyrosine 

(3,5 d)-OH was purchased from Sigma Aldrich Co. 
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2D IR methods. Heterodyned spectral interferometry was utilized for obtaining the 

spectra. Fourier-transform limited 80 fs pulses with a central wavelength of 6590 nm were 

employed in the 2D IR experiments. Three Ḑ1 ˃ J laser pulses with wave vectors k1, k2, and 

k3 were incident to the sample generating a signal in the direction ks Ґ ҍƪ1 + k2 + k3 with 

the ordering 123 (rephasing) and 213 (nonrephasing). To obtain absorptive spectra, the 

rephasing and nonrephasing 2D frequency spectra were properly phased and combined. 

To observe any changes in the spectral characteristics, the waiting time, T, between the 

second and third pulse was varied from 0 to 2 ps. After appropriate Fourier transforms 

ŀƭƻƴƎ ǘƘŜ ŎƻƘŜǊŜƴŎŜΣ ˍΣ ŀƴŘ ŘŜǘŜŎǘƛƻƴΣ ǘΣ ŀȄŜǎΣ ǘƘŜ н5 Lw ǎǇŜŎǘǊŀ ǿŜǊŜ ǇƭƻǘǘŜŘ ŀǎ ˖ˍ Ǿǎ ˖t.22 

 



110 

 

 

 

 

 

 

Figure 5-1. a) FTIR spectra of Tyrd in DMSO(blue) and D2O(red), b) 2D IR spectra of Tyrd in DMSO  

and D2O at T=150 fs c) Vibrational lifetime decay comparisom of Tyr (blue) and Tyrd (red) in 

D2O d) correlation decay of Tyrd in DMSO(blue) and D2O (red) 

 

T=D2O T=DMSO 

a 

b 
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T=200fs T=1200fs 

Figure 5-2. FTIR and 2D IR spectra of the KYPYdK peptide in D2O 
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Figure 5-3. 2D IR spectrum of Ala(13C)-Tyr peptide in D2O at 200fs with a zoom in inset of the cross 

peak 
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Chapter VI. Synthesis of 5πCyanoπTryptophan as a TwoπDimensional Infrared 

Spectroscopic Reporter of Structure 

This paper has been published in Angew. Chem. Int. Ed. 2018, 57, 75282 

 

Farzaneh Chalyavi, Philip H. Gilmartin, Andrew J. Schmitz, Michael W. Fennie, and 
Matthew J. Tucker 

 

A concise synthesis of protected 5-cyano-L-tryptophan (Trp5CN) has been developed for 

2D IR spectroscopic investigations within peptides or proteins. To assess the potential of 

differently substituted cyano-tryptophans, several model cyanoindole systems were 

characterized using IR spectroscopy. Upon assessment of their spectroscopic properties, 

Trp5CN was integrated into a model peptide sequence, Trp5CNςGlyςPhe4CN, to elucidate its 

structure. This peptide demonstrates the capability of this probe, Trp5CN and Phe4CN, to 

capture structural information via 2D IR spectroscopy. The 2D IR spectrum of the peptide 

in water was simulated to reveal a unique spectral signature resulting from the presence 

of dipolar coupling. The coupling strength between cyano- labels was determined to be 

1.4 cm-1 by matching the slopes along the max contour between the simulated and 

experimental spectrum. Using transition dipole coupling, a distance between the two 

probes of 13 Å was calculated. 

 
2 Reproduced with permission from Farzaneh Chalyavi, Philip H. Gilmartin, Andrew J. Schmitz, 

Michael W. Fennie, and Matthew J. Tucker. Angew. Chem. Int. Ed. 2018, 57, 7528. Copyright 

2018 Wiley-VCH Verlag GmbH & Co. KGaA 
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Introduction  

Many interesting questions in structural dynamics of peptides and proteins can be 

addressed by incorporation of unnatural amino acid-based vibrational probes. The 

structure evolution, even when it is ultrafast, can be followed by infrared 

spectroscopy or two-dimensional infrared (2D IR) spectroscopy. Several non-native 

amino acid side chain probes, such as azido-, cyano-, thiocyanate, selenocyanate 

and isonitrile have been developed to monitor hydration, changes in electric field 

strength, chemical exchange, drug binding and drug-enzyme interactions.1 For 

example, Herschlag et al. utilized the SCN probe to capture the local environment 

changes in the active site of the bacterial enzyme ketosteroid isomerase.1d For 

studying folded and unfolded states of protein backbones, the N3 asymmetric 

stretching region of azidohomoalanine shows a significant spectral shift upon 

folding.2  

Although all of the aforementioned vibrational probes offer varying capabilities 

of measuring structure and dynamics, they have certain limitations that require the 

development of infrared probes that mitigate these issues. In particular, the 

sensitivity of the cyano- stretching frequency as a local environment reporter has 

been established through the use of 4-cyano-phenylalanine (Phe4CN) in both 

infrared and two-dimensional infrared studies. The CN vibrational transition is 

located in an isolated region, ranging from 2200 to 2300 cm-1, far from other 

vibrational modes found in biomolecules. The multifaceted nature of nitriles has 
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enabled the investigation of peptide side chain orientation and hydration status 

upon binding to lipid membranes, amyloid fiber structure and conformation, 

dynamics of an HIV-1 reverse transcriptase inhibitor, local environments of DNA 

fragments, ligand-protein interactions, and many more applications.1n, 3 

Although analogues of phenylalanine (Phe) and alanine are commercially 

available, other cyano- derivatized amino acids are not and have remained difficult 

to obtain.  The utility of 5-cyano-tryptophan (Trp5CN) as a potential infrared probe 

with a larger sensitivity for the local environment, moreover, has been 

demonstrated through analysis of the infrared spectrum by Gai and coworkers.3e, 4 

These studies show Trp5CN has a larger molar absorption cross section than Phe4CN 

ŀƴŘ ŀ ƘƛƎƘŜǊ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ǘƘŜ ŘŜƎǊŜŜ ƻŦ ƘȅŘǊŀǘƛƻƴ ŘǳŜ ǘƻ ǘƘŜ ƭŀǊƎŜǊ ΨŀƴǘŜƴƴŀ ŜŦŦŜŎǘΩ 

of the indole ring.5 Furthermore, this spectroscopic reporter is capable of exposing 

the solvent dynamics around side chains within indolicidin upon binding to a 

membrane.  By comparing two Trp5CN labelled peptides, a narrowing of the spectral 

linewidth was observed upon binding to dodecylphosphocholine (DPC) micelles for 

one labelled side chain that becomes sequestered in the membrane mimic, while 

the other labelled side chain showed no significant change in bandwidth compared 

to the peptide in bulk water, revealing exposure to solvent.3e Overall, these prior 

results show that the cyanoindole moiety is highly sensitive to the degree of 

hydration around the sidechain. 
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With the great promise of cyano-labeled tryptophan as a spectroscopic reporter, we 

developed a scalable, modular synthesis to further investigate this potential.6 

Furthermore, we then incorporated a cyano-labeled tryptophan and another cyano-

probe within the same short peptide to develop a novel cyano- label probe pair that 

allowed for the detection of structural information through 2D IR spectroscopy.  These 

novel side chain probes coupled with the structural methods will usher in the ability to 

directly observe the dynamics in side chain gating mechanisms such as found in the M2 

Influenza virus 4 ŀǎ ǿŜƭƭ ŀǎ ƭƻŎŀƭƛȊŜŘ ŘŜǘŜŎǘƛƻƴ ƻŦ ŀƎƎǊŜƎŀǘŜǎ ŦƻǳƴŘ ƛƴ !ƭȊƘŜƛƳŜǊΩǎ ŀƴŘ 

other protein misfolding diseases.  

Results and Discussion 

Cyanoindole Linear Infrared Study 

    In order to assess the potential of differently substituted cyano-tryptophans, several 

model indole systems were analyzed in the infrared. The cyano- label was positioned at 

the 3, 4, 5, and 6 carbons on the indole ring to determine the variations in peak position 

and extinction coefficients in THF. Figure 1a demonstrates that indole3CN exhibited the 

largest extinction coefficient followed by indole6CN and indole5CN, while indole4CN showed 

the lowest peak extinction coefficient. Although indole3CN exhibited the largest extinction 

coefficient, it is rendered unusable as a cyano- label in tryptophan because the 3-position 

links to the alpha carbon of the amino acid. Thus, the most promising cyano-positions of 
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the indole are positions 5 and 6, with indole6CN showing ~1.2 fold increase in dipole 

strength compared to indole5CN.  

In addition to differences in dipole strength, there are small, but distinguishable, 

differences in the vibrational frequencies (~1-2 cm-1) of the transitions of cyanoindole 

derivatives, making it unlikely that two cyano-tryptophan derivations can be observed in 

a single peptide without significant spectral overlap.  Three of the four cyano- derivatives 

exhibit only one prominent transition. Indole4CN exhibits two distinct transitions at 2214 

and 2230 cm-1. Prior studies have indicated the origin of the second peak is due to a Fermi 

resonance between the fundamental and the ring breathing modes.7 The Fermi 

resonance combined with the lower extinction coefficients render the 4-cyano analog less 

desirable as an infrared probe. The 5-cyano-L-tryptophan derivative was then synthesized 

as a potential infrared probe for further investigation. 

Synthesis of (S)-N -hBoc/Fmoc-N(in)-Boc-5-cyano-tryptophan 

Although 5-cyano-L-tryptophan has been previously synthesized starting from L-

tryptophan,8 ǘƘŜ ǊƻǳǘŜΩǎ ǊŜƭƛŀƴŎŜ ƻƴ ŀƴ ŜƭŜŎǘǊƻǇƘƛƭƛŎ ŀǊƻƳŀǘƛŎ bromination/high-

temperature cyanation sequence to set the regiochemistry precludes the synthesis of 

other regioisomers.9 Therefore, a route (Figure 6-2a) applicable to multiple protected 

cyano-tryptophan regioisomers was envisioned.10 The key step in this route utilizes a 

modificatiƻƴ ƻŦ ½ƘǳΩǎ ƛƴŘƻƭŜ ǎȅƴǘƘŜǎƛǎ11 to construct the tryptophan core (4) via the 

condensation-cyclization12 of aldehyde 313 and 4-cyano-2-iodoaniline (2) 14  followed by 

treatment of the crude material with Boc2O (Figure 2b).11 This reaction sequence has been 
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performed on a scale to provide greater than 5 g of 4 (See SI). Selective removal of one 

Boc-group from the bis-Boc-carbonate with Mg(ClO4)215 and hydrolysis of the methyl 

ester with LiOH, afforded (S)-N -hBoc-N(in)-Boc-5-cyano-tryptophan (1) suitable for peptide 

synthesis. Exchange of the Boc-protecting group on the N-terminus for an Fmoc-group16, 

was achieved through a 4-step route starting with 4 (41% over 4 steps). 

Infrared Studies of 5-Cyano-Tryptophan and Transition Dipole Strengths 

The linear IR spectra of Trp5CN in water and Fmoc-Trp5CN in THF both exhibit a single 

transition associated with the -CN stretch. These transitions occur at 2227 and 2225 cm-1 

in water and THF, respectively (Figure 6-1b). The bandwidth of Trp5CN in water (14.4 ± 1.3 

cm-1) is approximately twice as large as observed in THF  (7.6 ± 0.2 cm-1). Although there 

is not a significant solvachromatic shift of the vibrational frequency, the two fold increase 

in bandwidth suggests sensitivity to the number of microstructures available upon 

interaction of water and the cyanoindole moiety[12] detectable via 2D IR spectroscopy. In 

the spectral profile of Fmoc-Trp5CN in THF, a slight asymmetry of the band (left shoulder) 

is observed. This asymmetry has been detected within other cyano- substituted aromatic 

side chains, and it is likely due to a slight Fermi resonance.7 Another possibility is that two 

conformers of the molecule are present in THF whereas only one is seen in water, as seen 

in other ring systems.1i Lƴ ƻǳǊ ŎǳǊǊŜƴǘ ǿƻǊƪΣ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ŘƛǇƻƭŜ ǎǘǊŜƴƎǘƘ ό˃ύ ƻŦ ¢ǊǇ5CN in 

water was measured to be  0.49 ± 0.02 D using methods reported by Zanni and 

coworkers.17 This value is larger than the transition dipole strength of the commonly used 

cyano- probe, Phe4CN (0.38 ± 0.02 D). With this increase in transition dipole strength, the 
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peptide concentrations required for experiments can be reduced and the signals become 

easier to observe, especially for 2D IR where the signal is dependent on |˃μ4.  

The synthesized Trp5CN was incorporated into a short model peptide in conjunction 

with Phe4CN, Trp5CNςGlyςPhe4CN, to address whether this probe pair has the potential to 

vibrationally couple over short distances for structural determination. The infrared 

spectrum of this peptide in water, shown in Figure 4, has two distinct transitions at 2227 

and 2233 cm-1.  The presence of these two probes within a close spatial proximity in the 

molecule results in significant dipolar coupling as indicated by the spectral intensities. As 

a result, the ratio of the relative intensities of the infrared transitions, 1.15:1 

(Trp5CN:Phe4CN) is sufficiently less than expected for isolated transitions based on prior 

literature 18 as well as the measured transition dipole of 5-cyanotryptophan (1.7:1).  

Typically, a splliting in the vibrational frequencies is expected when coupling is present. 

No changes in the vibrational frequency were observed for these coupled transitions in 

the infrared spectrum.  Assuming a simple bilinear coupling model, the vibrational 

frequencies were determined to vary by less than 1 cm-1 and within the limits of the FTIR 

detection. On the other hand, the relative intensities of the two transitions still vary 

significantly with the magnitude of the vibrational coupling, as observed in our 

experimental results similar to Krummel et al.19 Although vibrational coupling of this 

nature is often difficult to assess via linear infrared spectroscopy, a much clearer picture 

of the vibrational coupling can be detected via 2D IR spectroscopy by careful analysis of 
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the spectral shape or oftentimes by the presence cross peaks.20 Therefore, 2D IR was 

invoked to investigate the coupling for these two vibrational probes.  

2D IR Spectroscopy and Analysis 

The 2D IR spectrum of Trp5CNςGlyςPhe4CN in water measured at 150 fs waiting time reveals 

two transitions with a distortion/change in the lineshape (Figure 6-3). For Trp5CNΣ ǘƘŜ лҦм 

ǇƻǎƛǘƛǾŜ ƎƻƛƴƎ ǘǊŀƴǎƛǘƛƻƴ ƛǎ ƻōǎŜǊǾŜŘ ŀǘ ϑ˖tΣ˖̱} = 2225,2227 cm-1 along with an 

anharmonically shifted negative transition located 21 ± 1 cm-1 ŀƭƻƴƎ ˖t. The second 

positive-going transition resulting from the cyano- mode of the Phe4CN is observed at 

ϑt̟Σ˖̱} = 2231,2233 cm-1. Significant inhomogeneous broadening is present in both 

transitions as expected from the different microstructures available in bulk water. The 

population relaxations, T10, of Trp5CN and Phe4CN in water were measured to be 1.7 ± 0.1 

ps and 2.0 ± 0.1 ps, respectively. By comparing the 2D spectral line shapes of the peptide 

to a 50/50 mixture of the amino acids as a control (See Figure S8), it is evident that the 

spectral distortions in the peptide spectrum are due to the presence of vibrational 

coupling. Also, the intensities of the cross peaks become more prominent at later times 

as seen in Figure S6-4-a. The decay of the cross peaks intensity as a function of waiting 

time suggests the presence of vibrational coupling between transitions. An average of 1D 

slices of the 2D IR spectrum along ˖̱ indicates the presence of cross peak within the 

lineshape that become more apparent upon first derivative analysis shown in Figure S9. 

Quantitively, it can be shown that the significant distortion in the shape of the center line 

contours of both the positive and negative bands is indicative of the vibrational coupling 
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(see SI for more details). These observed spectral characteristics were quantified by the 

slope of the line passing through the max contour of the positive bands accounting for 

12% of the amplitude. The values of the slopes were 0.77 and 0.47 for Trp5CN and Phe4CN, 

respectively.  Then, the magnitude of the vibrational coupling was determined by 

simulating the 2D IR spectrum of this peptide in water to best match the observed 

experimental slopes through the max contour. In order to reasonably reproduce the 

observed 2D IR spectrum, a vibrational coupling of 1.4 cm-1 was required between the 

two modes (Figure 6-4).  

    Briefly, the 2D IR simulation was performed for the standard response functions within 

the weak coupling limit, utilizing the measured experimental parameters and assuming 

Frequency-frequency correlation function (FFCF) parameters for the modes were 

exposed to water. To evaluate the coupling parameter, a range of values between 0 and 

2 were simulated and the resulting spectra were analyzed by measuring the slope along 

the max contour (see SI for complete analysis). By comparing the simulated spectrum for 

zero coupling and a coupling strength of 1.4 cm-1 (Figure 6-4), there are very distinct 

differences. Assuming zero coupling, two distinguishable bands were observed on the 

ŘƛŀƎƻƴŀƭ ŀǘ ϑ˖tΣ˖̱} = 2227 cm-1 ŀƴŘ ϑ˖tΣ˖̱} = 2233 cm-1 with the slope of max contour 

having values of 0.66 and 0.70. Also, no apparent distortion was present in the 

anharmonically shifted transitions. However, as the coupling strength was increased, the 

slopes along the max contour changed as a result of distortions caused by the addition of 

weak cross peak (see SI). Once a value of 1.4 cm-1 is reached for the coupling, the slopes 
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along the max contours of the positive bands, 0.78 and 0.50, are in reasonable agreement 

ǿƛǘƘ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ н5 Lw ǎǇŜŎǘǊǳƳ ŀƴŘ ǘƘŜ ŘƛǎǘƻǊǘƛƻƴ ƛƴ ǘƘŜ ƴŜƎŀǘƛǾŜ мҦн ǘǊŀƴǎƛǘƛƻƴ 

distortion is also reproduced. To further assess the overall change in spectral shape upon 

coupling and its effects on the max contour slope of CN symmetric stretch, the linear 

infrared and 2D IR spectra of the Phe4CN amino acid in water were collected and 

compared. The slope along the max contour of the positive band of the 2D IR spectrum 

of the single labelled amino acid at 150 fs waiting time is 0.71 matching the slope of the 

simulated spectrum with zero coupling and 1.5x less than the transition in the model 

peptide (see SI). Together, these results establish the utility of quantifying the vibrational 

coupling magnitude of overlapping nitrile transitions via the slope along the max contour. 

Transition Dipole Coupling Model 

Transition dipole coupling (TDC) is a simple model that relates the observed experimental 

coupling to the spatial distance between the two dipoles of the vibrational probes within 

the molecule. According to TDC (Eq. 1),   

‍  
Ͻ

 
ϽǶ ϽǶ

     (1) 

ǿƘŜǊŜ ˃i ŀƴŘ ˃j are the transition dipole strengths of the probes, ὶ is the distance 

between the probes, and ‍  is the coupling constant.[20]  

By applying the above-mentioned transition dipole strengths and the experimental 

coupling along with the angles between dipoles determined from the linear IR intensities, 

the distance between cyano probes was calculated to be ~ 13 Å. An average value for the 

distance was then determined by running Density Functional Theory (DFT) energy 
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minimizations (Gaussian09) on an ensemble of starting conformations of the short 

peptide (more details in the SI). A distance of 13.3 ± 1.0 Å was calculated for the ensemble 

average of the conformations of the Trp5CNςGlyςPhe4CN peptide, which closely matches 

the experimental value. Any slight differences in the distances can be due to the lack of 

sufficient sampling of the peptide structures for the theoretical ensemble. Overall, the 

methodology put forth above provides a spectral tool to access structural information in 

peptides for cyano-cyano probe pairs.  

Conclusions 

In this work, N -hBoc-N(in)-Boc-5-cyano-tryptophan and N -hFmoc-N(in)-Boc-5-cyano-

tryptophan were synthesized in yields of 44% and 21% respectively. The motivation for 

this synthesis is provided by the potential of cyano-labeled indoles as non-native labels in 

peptides and proteins via tryptophan. The synthesized 5-cyano-L-tryptophan was 

incorporated into a short peptide system with a second cyano- label, Trp5CNςGlyςPhe4CN, 

to validate the efficacy of measuring spatial distance using this probe pair via 2D IR 

spectroscopy. The vibrational coupling, 1.4 cm-1 between the cyano- probes was 

quantified via simulation of the 2D IR spectrum and analysis of the slope along the max 

contours of the positive transitions. The spatial distance, ~13 Å, between the two labels 

was found experimentally using transition dipole coupling theory and confirmed 

theoretically. Other cyano-tryptophan regioisomers are currently being synthesized, and 

the spectroscopic studies of such compounds will be presented in due course. 
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Experimental Section 

5-Cyano-L-tryptophan (Trp5CN) was synthesized as described above and characterized via 

Fourier transform infrared (FTIR) spectroscopy. Additionally, a short peptide system, 

Trp5CNςGlyςPhe4CN, was synthesized via standard fluorenylmethyloxycarbonyl chloride 

(FMOC) solid-state peptide synthesis to include the Trp5CN. FTIR spectra (Nicolet 6700, 

Thermo Scientific) of Trp5CN, indole3CN, indole4CN, indole5CN, indole6CN, and the short 

peptide Trp5CNςGlyςPhe4CN were collected with 1 cm-1 resolution and a nitrogen-cooled 

MCT detector. 2D IR spectra were measured using the box-CARS configuration as 

described in prior literature.20e The optical densities for both methods were between 

0.01-0.03. See SI for more details. 
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Figure 6-1. a) FTIR spectra of equimolar indole3CN (blue), indole4CN (red), 

indole5CN (green), and indole6CN (purple) in THF b) Linear infrared spectra of 

Trp5CN in water (blue) and Fmoc-Trp5CN in THF (red). 
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Figure 6-2. a) Retrosynthesis of (S)-bʰ -Boc-N(in)-Boc-5-cyano-tryptophan. 

b) Synthesis of (S)-b -hBoc/Fmoc-N(in)-Boc-5-cyano-tryptophan 
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Figure 6-3. FTIR and 2D IR spectrum of Trp5CNςGlyςPhe4CN in 

water at 150 fs waiting time.
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Figure 6-4. Simulated 2D IR spectra of Trp5CNςGlyςPhe4CN in water, 

zero coupling (top) and 1.4 cm-1 coupling (bottom). 
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Supporting Information for Synthesis and Infrared Spectroscopic Studies of 5-Cyano-

Tryptophan 

Farzaneh Chalyavi,[a]  Philip H. Gilmartin, [b] Andrew J. Schmitz, [a]  Michael W. Fennie,* [b]  and 

Matthew J. Tucker* [a]   

A concise synthesis of protected 5-cyano-L-tryptophan (Trp5CN) has been developed for 2D IR 

spectroscopic investigations within peptides or proteins. To assess the potential of differently 

substituted cyano-tryptophans, several model cyanoindole systems were characterized using IR 

spectroscopy. Upon assessment of their spectroscopic properties, Trp5CN was integrated into a 

model peptide sequence, Trp5CNςGlyςPhe4CN, to elucidate its structure. This peptide 

demonstrates the capability of this probe, Trp5CN and Phe4CN, to capture structural information 

via 2D IR spectroscopy. The 2D IR spectrum of the peptide in water was simulated to reveal a 

unique spectral signature resulting from the presence of dipolar coupling. The coupling strength 

between cyano- labels was determined to be 1.4 cm-1 by matching the slopes along the max 

contour between the simulated and experimental spectrum. Using transition dipole coupling, a 

distance between the two probes of 13 Å was calculated. 

Infrared Sample Preparation 

Trp5CNςGlyςPhe4CN was synthesized using standard fluorenylmethyloxycarbonyl chloride 

(FMOC) solid-state peptide synthesis with a peptide synthesizer (PS3, Protein Technologies) and 

purified using reverse-phase high performance liquid chromatography (HPLC, Waters). The 

peptide mass was verified using Waters Micromass ZQ quadrupole mass spectrometer. FMOC-

Phe4CN was purchased from AnaSpec Inc., and Glycine (Gly) was purchased from CreoSalus. 
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Solutions of Trp5CN (compound 1 and compound 1 with Boc groups cleaved) were prepared in 

tetrahydrofuran (THF, reagent grade ACS) and ultrapure water, respectively. The Boc groups 

were cleaved using a 95% TFA, 2.5% water, 2.5% triisopropylsilane (TIS) cocktail with stirring for 

three hours. 

A dual compartment FTIR injection sample cell with calcium fluoride windows was utilized to 

analyze the background and the sample under the same conditions. The path length of the 

ǎŀƳǇƭŜ ŎŜƭƭ ǿŀǎ рс ˃ƳΦ !ƭƭ ǎǇŜŎǘǊŀ ǿŜǊŜ ƻōǘŀƛƴŜŘ ƛƴ ŀ ƴƛǘǊƻƎŜƴ ǇǳǊƎŜŘ ŎƘŀƳōŜǊ ŀǘ ŀƳōƛŜƴǘ 

temperatures. Typical optical densities (OD) for the compounds ranged from 0.01ς0.03.  Fourier-

transform limited 80-fs pulses with a central wavelength of 4470 nm were used in the 2D IR 

experiments. Each of the three laser pulses have an energy of ~ 1 µJ, with wave vectors k1, k2, 

and k3, incident to the sample to generate a signal in the direction ks=-k1+k2+k3 with the ordering 

123 (rephasing) and 213 (nonrephasing). To obtain absorptive spectra, the rephasing and 

nonrephasing 2D frequency spectra were properly phased and combined. To observe any 

changes in the spectral characteristics, the waiting time, T, between the second and third pulse, 

was varied from 0 to 2 ps. After appropriate Fourier transforms along the coherence, †, and 

detection, t, axes, the 2D IR spectra are plotted as  ‫  vs ‫ .  

Distance Determined from TDC 

In order to determine the distance between the probes, transition dipole coupling (TDC) was 

ƛƴǾƻƪŜŘΦ ¢ƘŜ ŀƴƎƭŜ ōŜǘǿŜŜƴ ǘƘŜ ŘƛǇƻƭŜǎ όʻύ ŀƴŘ ǘƘŜ ŎƻǳǇƭƛƴƎ ǎǘǊŜƴƎǘƘ ǿŜǊŜ ƳŜŀǎǳǊŜŘ 

experimentally.  By methods discussed in detail below the coupling strength was resolved 

through 2D IR spectrum simulation.  The angle between the dipoles was determined from the 
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FTIR intensity ratio and the coupling strength. The value was calculated to be 77o for a coupling 

constant of 1.4 cm-1. This angle between the dipoles was in good agreement with average value 

of the angle determined from the DFT ensemble mentioned below. Using these parameters, the 

resulting distance between the probes in the Trp5CNςGlyςPhe4CN peptide was determined from 

¢5/ ǘƘŜƻǊȅ ǘƻ ōŜ Ϥмо *Φ  

Theoretical calculations of the nitrile vibrations of Trp5CN, indole3CN, indole4CN, indole5CN, and 

indole6CN with implicit CPCM water models were performed using B3LYP/6-311G++ level of 

theory with Gaussian09. In addition, geometry optimization of Trp5CNςGlyςPhe4CN with different 

initial starting structures were performed at B3LYP/6-311G++ level solvated in a CPCM water 

model. The initial starting conditions of the structure before minimization consisted of dihedral 

angles stemming from various predefined secondary structure motifs. Of the conformations 

ǎǘǳŘƛŜŘΣ ǘƘŜ ŀǾŜǊŀƎŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻōŜǎ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ моΦо * ŀƴŘ ǘƘŜ 

angle between the dipoles was 70 degrees.  

Linear and 2D IR Simulation Details 

The magnitudes of *

2T , 2

1D , and 2

2D  were obtained from least square fitting the experimental 

linear IR spectrum using the following equation,  

(1) () ( )( ) ()( )10 10
0

2Re exp exp 2 2 ,I i t g t t T Dt dtw w w
¤

= - ³ - - -ñ  

where () () ()
1

1 10 2 10 2

0 0

0
t

g t d d

t

t dw t dw t=ñ ñ , 10T  is the population relaxation time, and D is the rotational 

diffusion coefficient. The relaxation times, T10, determined from the decay of the diagonal peaks 

as a function of waiting time from the 2DIR spectra were 1.7 ps and 2 ps for Trp5CN and Phe4CN, 
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respectively. A rotational diffusion coefficient of 50 ps was assumed based on fluorescence 

anisotropy decays found in literature for similar molecules. Spectral diffusion parameters were 

1.6 ± 0.6 ps for both transitions. The functional form of ( ) ()10 2 10 0dw t dw is defined below. The peak 

positions, obtained from a simple Gaussian fit, for Phe4CN and Trp5CN were 2235.2 cm-1 and 

2226.0, respectively. The *2T and 1D  are required that best fit both the linear spectrum and the 

н5 Lw ǎǇŜŎǘǊŀΦ ¢ƘŜ ɲ1 ŀƴŘ ɲ2 amplitudes that are used in the simulations are 1.1 ps-1 and 0.95 ps-

1, respectively. In general, it has been shown that calculations of the linear spectrum result in 

several pairs of parameters that reproduce the appropriate bandwidth for a given value of ct while 

fitting the linear spectrum reasonably well (Figure S6-1).  

A simulation of the 2D IR spectra was carried out including all relevant Liouville pathways 

using typical Kubo model frequency frequency correlation function (FFCF) and assuming the 

weak coupling limit. The single component decay of the normalized FFCF suggests a model 

correlation function of the form: 

  ς        () () () ( )* 2 2

10 10 2 1 20 exp ,CT T T Tdw dw d t= +D - +D 

which contains: homogeneous dephasing *

2T ; the variance of frequency distribution, 21D ; a static 

inhomogeneous component, 22D ; and the observed correlation time, Ct . Diagrams representing 

ground-state bleaching{0 00 0}i i , stimulated emission {0 0}i ii i , and excited-state absorption 

{0 , }i ii i i i+  were included along with their nonrephasing counterparts, where Ὥ is the πO

ρ region state and i i+  is the eigenstate involved in ρO ς region transitions of the 

vibrational markers. The inhomogeneous and homogeneous parameters were incorporated 

through the FFCF. The 2D IR spectrum was simulated for a waiting time of 150 fs. The spectral 
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diffusion parameters for Phe4CN and Trp5CN have been determined based on the prior reported 

values to be 1.6 ± 0.6 ps. ¢ƘŜ ŎƻǳǇƭƛƴƎ ǎǘǊŜƴƎǘƘΣ ʲΣ ǿŀǎ ǾŀǊƛŜŘ ŦǊƻƳ лҦмΦс ŎƳ-1 to find the best 

ƳŀǘŎƘ ǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ƻōǎŜǊǾŜŘ ǎǇŜŎǘǊǳƳΦ Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ Ǌŀǘƛƻ ƻŦ ʲ12Υ2̡1 was 

set to 0.8:1. It is clear that this model provides both a reasonable fit to the FTIR spectrum and 

still captures the 2D IR spectral shapes.  

To quantify the differences between the simulated spectra, a method was developed to measure 

the slope along the max contour as a function of vibrational coupling magnitude. In this method 

(as shown in Figure S6-2, the maximum peak intensity was acquired for several vertical slices in 

the πO ρ ŎƻƴǘƻǳǊ ƻŦ ǘƘŜ н5 ǎǇŜŎǘǊǳƳ ŀǘ ŘƛŦŦŜǊŜƴǘ ǾŀƭǳŜǎ ƻŦ ˖t. Then, the slope of the 

line connecting each peak maxima was determined which is similar to measuring CLS. This 

analysis was performed for both the Trp5CN and the Phe4CN positive going transitions. We utilized 

3 contour levels accounting for 12 % of amplitude along the max contour. The 3 contour levels 

are the optimized number of levels to avoid interference of the other transition. 

A sampling of the simulated 2D IR spectra of the model peptide in water shows the slope zeroth 

contour of the positive going transitions significantly changes depending on the coupling 

magnitude (Figure S6-3). By monitoring and matching the slope along the max contour between 

the simulated and the experimental spectra, the coupling magnitude can be recovered despite 

the difficulty of observing cross peaks and the overlapping transitions. Table S1 illustrates that 

every coupling magnitude has a unique pair of slopes allowing the coupling constant to be 

determined. The slopes, 0.78 and 0.50, of max contours of the positive bands of the simulated 

spectrum with 1.4 cm-1 coupling are in a reasonable agreement with the slopes measured in 
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experimental 2D IR spectrum, 0.77 and 0.47 In addition, the ŎǳǊǾŀǘǳǊŜ ƻŦ ǘƘŜ ƴŜƎŀǘƛǾŜ мҦн 

transitions is also reproduced. 

 

Table S6-1. Determined Slope of the transitions with different coupling strength 

Coupling (cm-1) 0 0.4 1 1.4 1.6 

Slope(Trp5CN) 0.66 0.66 0.70 0.78 0.50 

Slope(Phe4CN) 0.70 0.70 0.70 0.50 0.30 

 

Waiting Time Dependence of the Experimental Spectrum 

  By analyzing the 2D IR spectra of the model peptide in water as a function of waiting time, the 

relative intensities of the diagonal peaks change due to the differences in the vibrational  

lifetimes. These intensity changes reveal more evidence of the presence of cross peaks in the off-

diagonal region of the spectrum. A positive cross peak becomes apparent at {ȟ,{2233,2227}{‫ ‫ 

while a negative cross peak appears at {ȟ ‫‫ }={2205,2237} as observed in the  T=1500 fs 

spectrum.  

To confirm the presence of vibrational coupling, the intensities of the positive and negative cross 

peaks ({ȟȟwere determined as a function of waiting ({2205,2237}={‫ ‫} , {2233,2227}={‫ ‫ 

time.  Table S6-2 illustrates that the intensities of the cross peaks decay, suggesting that there is 

a direct coupling between the transitions is present. 
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Table S6-2. Intensity of the negative and positive cross peaks over different waiting times 

Cross peak 150fs 450fs 1000fs 1500fs 

Negative Intensity 0.28 0.22 0.16 0.13 

Positive Intensity 0.30 0.33 0.23 0.20 

 

Also, to further demonstrate the presence and location of the cross peaks in the coupled 2D 

spectrum, the simulated 2D IR spectrum with 1.4 cm-1 coupling strength was subtracted from the 

2D IR spectrum with no coupling present. The cross peaks are clearly shown in Figure S6-4-b. 

Comparison to uncoupled Phe4CN Spectrum 

To further assess the change in spectral line shape as a result of vibrational coupling, the linear 

infrared spectrum and the 2D IR spectrum at T=150 fs of the Phe4CN amino acid in water were 

measured (Figure S6-5). The overall effect on the slope of zeroth contour on the CN symmetric 

stretch was quantified by the methodology described above. 

The slope of the zeroth order contour of the positive transition of Phe4CN amino acid in water 

was determined to be 0.71. Comparing this to the short peptide in water, the slope along the 

max contour of the positive transition of the Phe4CN residue was a factor of 1.5x less. Based on 

the comparison these experimental 2D IR spectra, the Phe4CN spectral line shape and the slope 

along the max contour is significantly altered in the short peptide as a result of the presence of 

vibrational coupling. 

FRET study of Phe4CN and Trp5CN Spectrum 

The fluorescence spectrum of the free Phe4CN amino acid in water and the Phe4CN in the model 

peptide (Trp5CN-Gly-Phe4CN) in water was measured to support the observation of the close 
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proximity of the two rings determined by 2D IR spectroscopy. The fluorescence spectrum clearly 

suggests that the Phe4CN fluorescence is largely quenched in the peptide due to the fluorescence 

resonance energy transfer (FRET) from the Phe4CN to the Trp5CN (Figure S6-6). The estimated 

ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻōŜǎ ōŀǎŜŘ ƻƴ ǘƘŜ Cw9¢ ŜȄǇŜǊƛƳŜƴǘ ƛǎ Ϥ мл *Σ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ŦǊƻƳ ǘƘŜ 

distance obtained and calculated from the IR studies is due to an accurate R0 value which we 

ŀǎǎǳƳŜŘ ǘƻ ōŜ ŀǊƻǳƴŘ мс * όǘƘŜ ǾŀƭǳŜ ŘŜǘŜǊƳƛƴŜŘ ŦƻǊ ǘƘŜ tƘŜ4CN and Trp pair). 

2D IR Spectrum of Trp5CN in water  

The 2D IR spectrum of the single amino acid (Trp5CN) in water at 150 fs waiting time indicates a 

strongly inhomogeneously broadened peak along the diagonal (Figure S6-7) indicative of the 

presence of significant interactions with water. The slope along the max contour (~0.66) 

measured from the below 2D IR spectrum is very similar to PheCN in water.    

Control Experiment (equimolar solution of Phe4CN and Trp5CN) 

As a control experiment, the 2D IR spectrum of a 50:50 mixture (equimolar Phe4CN and Trp5CN 

amino acids) in water was obtained (Figure S6-8). The linear spectrum shows that the peak 

intensity ratio is quite different from the short peptide spectrum suggesting the presence of 

coupling in the peptide. Furthermore, the 2D IR spectrum indicates two overlapping transitions 

along the diagonal with a similar slope due to the inhomogeneous broadening and the presence 

of no vibrŀǘƛƻƴŀƭ ŎƻǳǇƭƛƴƎΣ ŀǎ ŜȄǇŜŎǘŜŘ ŦƻǊ ǘǿƻ ŀƳƛƴƻ ŀŎƛŘǎ ŀǘ ΨƛƴŦƛƴƛǘŜ ŘƛǎǘŀƴŎŜΩΦ ¢ƘŜ ƭŀŎƪ ƻŦ 

observed coupling supports the premise that the line shape distortions and differences in slope 

are a result of coupling in the peptide. 

Horizontal 1D slices along the ⱷⱲ axis of 2D IR spectra at different waiting times 

In order to aid in the observation of the cross peaks due to vibrational coupling between the 
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transitions, an average of horizontal 1D slices along the ‫  axis of 2D IR spectra from 2238-2242 

cm-1 at two waiting times, T=150 fs and T=1500 fs, were obtained. As observed in Figure S6-9, the 

changes in the curvature of the T=150 fs spectrum indicate the presence of multiple transitions 

within the positive and negative bands as a result of both diagonal and off-diagonal cross peaks.  

The presence of the cross peaks is prominent at the later waiting time, T=1500 fs. The 1D slice 

shows four distinct peaks are observable indicative of the coupling present. To further reveal 

presence of both the cross peaks, the first derivative of the spectra of the 1D slices was 

calculated. The first derivative spectra clearly show 4 distinct peaks due to the cross peaks and 

diagonal peaks at both waiting times. 

General Procedures- Synthesis of 5-Cyano-L-Tryptophan 

Unless otherwise stated, all non-aqueous reactions were carried out under an atmosphere of dry 

nitrogen in dry glassware. When necessary, solvents and reagents were dried prior to use. 

Tetrahydrofuran was distilled from Na/benzophenone prior to use. Reagents were purchased 

from Aldrich and used without further purification. Analytical thin layer chromatography (TLC) 

ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ {ƛƭƛŎȅŎƭŜ нрл ˃Ƴ ǎƛƭƛŎŀ-gel F-254 plates. 1H NMR and 13C NMR spectra were 

recorded on a GEM300 Fourier transform NMR spectrometer at 300 MHz and 75 MHz, 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ /ƘŜƳƛŎŀƭ ǎƘƛŦǘǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǎƻƭǾŜƴǘ ǊŜǎƻƴŀƴŎŜ ǇŜŀƪ ʵ тΦнт ό/5/ƭ3) 

for 1I ŀƴŘ ʵ ттΦмс ό/5/ƭ3) for 13/Σ ʵ оΦом ό/53OD) for 1I ŀƴŘ ʵ пфΦлл ό/53OD) for 13/Σ ʵ пΦтф ό52O) 

for 1IΣ ƻǊ ǘƻ ʵ лΦлл ό¢a{ύΦ 5ŀǘŀ ŀǊŜ ǊŜported as follows: chemical shift, multiplicity (s = singlet, d 

= doublet, t =triplet, q = quartet, br s = broad singlet, m = multiplet), coupling constant(s), and 

number of protons. Time of flight (TOF) high-resolution mass spectra were obtained with an 

ionization mode of either ESI or CI. Infrared spectra are reported in cm-1. Melting points were 
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obtained using an OptiMelt instrument and are uncorrected. Chromatography was performed 

using an Isolera Prime instrument with Silica-P flash silica gel (50-со ˃m mesh particle size). 

Optical rotation was measured by on a Sirius 251 Visual Polarimeter.  
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Figure S6-1. Simulated linear IR spectrum of Trp5CNςGlyςPhe4CN in water. 
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Figure S6-2. Schematic of the slope along the max contour 
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Zero coupling 0.4 cm-1 coupling 

1 cm-1 coupling 1.4 cm-1 coupling 

1.6 cm-1 coupling 

Figure S6-3. Simulated 2D IR spectra pf Trp5CNςGlyςPhe4CN in water with different 

coupling magnitudes. 
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Figure S6-4-a. Experimental 2D IR spectra pf Trp5CNςGlyςPhe4CN in water at different waiting 

times. 

1000 fs 1500 fs 

450 fs 150 fs 
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 Figure S6-4-b. Simulated 2D IR difference spectrum of uncoupled and coupled data. 
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Figure S6-5. FTIR and positive band of 2D IR spectra of Phe4CN in water at 150 fs waiting 

time (left) Trp5CNςGlyςPhe4CN in water at 150 fs waiting time (right)  
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Figure S6-6. Fluorescence spectra of Phe4CN in water (red) and the Trp5CN-Gly-

Phe4CN in water (blue) excited at 240nm. 
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Figure S6-7. 2D IR spectrum of Trp5CN in water at 150 fs waiting time. 
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Figure S6-8. FTIR and 2D IR spectra of 50:50 mixture of Phe4CN and Trp5CN amino acids in 

water at 150 fs waiting time. 
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Figure S6-9. a) Averaged intensity of 2D IR horizontal slices of Trp5CN-Gly-Phe4CN peptide 

spectrum in water at  a) 150 fs and  b) 1500 fs.   First derivative spectrum of 2D IR horizontal slices 

at c) 150 fs and d) 1500 fs. 

a 

b 

c 

d 
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Chapter VII. 2D-IR studies of NCN as a spectroscopic reporter of dynamics in biomolecules: 

Uncovering the Origin of Mysterious Peaks 

This work has been submitted to Journal of Chemical Physics. 

Farzaneh Chalyavia, Olajumoke Adeyigaa, Julia M. Weinerb, Judith N. Monzyb, Andrew J. Schmitza, 

Justin K. Nguyena, Edward E. Fenlonb, Scott H. Brewerb, Samuel O. Odoha* and Matthew J. 

Tuckera*  

Cyanamides (NCN) have been shown to have a larger transition dipole strength compared to 

cyano- probes. In addition, they have similar structural characteristics and vibrational lifetimes 

to the azido- group suggesting their utility as infrared spectroscopic reporters for structural 

dynamics in biomolecules. To access the efficacy of NCN as an infrared probe to capture the 

changes in the local environment, several model systems were evaluated via 2D IR spectroscopy. 

Phenylalanine analogues containing NCN show strong anharmonic coupling that can complicate 

the interpretation of structural dynamics. However, when NCN is embedded in 5 membered ring 

scaffolds, a unique band structure is observed in the 2D IR spectrum that is not captured by 

simple anharmonic frequency calculations. Only careful investigation of the potential energy 

surface of the NC bond of the NCN moiety reveals the possible origins of the observed 

experimental results. These compounds show the significance of electron delocalization to the 

spectral profile of NCN.  

KEYWORDS (2D IR vibrational reporter, cyanamides, electron delocalization) 
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Introduction 

In spectroscopic measurements ranging from fluorescence to the infrared, specific 

spectroscopic probes have been proven to be extremely valuable for  monitoring functional 

events of interest in biological systems 1ς9. Discovering novel vibrational infrared reporters is 

important for the investigation of structural dynamics, providing a window into site-specific 

regions responsible for functionally relevant motions. The process of evaluating the sensitivity of 

such vibrational reporters has led to spectroscopic characterization of distinct vibrational 

signatures via two-dimensional infrared (2D IR) spectroscopy. Important spectroscopic features 

of infrared reporters, such as sensitivity to electric field strength, chemical exchange, and the 

ability to monitor degrees of hydration, have been observed for many infrared probes; e.g. azido-

, cyano-, thiocyanate, selenocyanate and isonitrile 10. In particular, nitrile stretches have been 

incorporated in larger protein system11 and HIV drugs12 to capture the conformational dynamics 

and the changes in the local environment during the relevant biological events, such as drug 

binding and protein activity (folding, unfolding, aggregation, peptide-membrane interaction). 

Attaching the CN group to heavier atoms, such as S or Se, has been shown to increase the 

vibrational lifetimes of the reporters extends the observation windows to timescales of interest 

for larger biological systems. For example, the vibrational lifetime can be increased to hundreds 

of picoseconds by utilizing SeCN reporters .13ς15 However, the significant decrease in transition 

dipole strength of these reporters compared to CN can be a limitation when they are used for 

protein or RNA/DNA dynamics. 

Although the IR signature of several of these probes are believed to be quite localized, 

others, such as cyanates, aryl azides, and cyanamides, are known to have accidental Fermi 
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resonance which make structural analysis more challenging. 10,16,17 For example, despite the 

expansion of 2D IR to multiple dimensions, these vibrational transitions and their Fermi 

resonances, often remain overlapped, masking important spectral features related to structure 

(i.e. cross peaks). For this reason, electron delocalization is of key importance in the energy and 

the distribution of charges in conjugated molecules. Delocalization of charges can result in the 

appearance of additional absorption bands. These variations in electron delocalization changes 

the vibrational frequency and often results in significant increases or decreases in the transition 

dipole strength.10,18 

Since the transition dipole strength of cyanamide has been suggested to be three-fold 

larger than cyano-probe, and comparable to isonitrile and azido- probes, Cho and coworkers 

utilized the cyanamides in several amino acid analogues. For example, a terminally blocked 

cyanamide (NHCN)-derivatized alanine and phenylalanine were synthesized and characterized 

via pump-probe IR spectroscopy. While the NCN alanine analogue showed a single transition in 

the FTIR spectrum, multiple transitions were observed for the FTIR spectrum of NCN phenylamine 

analogue in various solvents. The cyanamide transition is in an isolated IR region, 2220-2243cm-

1, similar to cyano- and azido- transitions. NCN has structural similarity to azido transition 

όwbҍb b ҭ wbҐbҐbύΣ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ŎŀǳǎŜ ƭƛƳƛǘŜŘ ǇŜǊǘǳǊōŀǘƛƻƴ ƛƴ ōƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎ 

.Despite the increased dipole strength, the vibrational lifetime is similar to azido- transition 

(~1ps).10 

Due to the similarities of cyanamide transition to that of the known cyano- and azido- 

vibrational probes and the unique spectral features observed in the above analogues, the effects 
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of delocalization using a variety of scaffolds is required. Utilizing 2D IR spectroscopy, the 

sensitivity to different structural scaffolds and identification of the corresponding spectral 

features can be achieved. For this purpose, several types of conjugated and non-conjugated 

cyanamide scaffolds were designed and synthesized for investigation of the number of 

transitions, peak positions, and vibrational lifetimes. Herein, we demonstrate from our 2D IR 

measurements of NCN that aliphatic scaffolds typically avoid Fermi resonance unlike the strongly 

aromatic scaffold examined. Moreover, scaffolds containing NCN embedded in 5-membered 

rings show a very unique vibrational band structure, not easily explained via simple spectral and 

computational analysis. 

Materials and Methods 

/ȅŀƴŀƳƛŘŜǎ мπп ǿŜǊŜ ǎȅƴǘƘŜǎƛȊŜŘ ŦƻƭƭƻǿƛƴƎ ƪƴƻǿƴ ǇǊƻŎŜŘǳǊŜǎ ŀƴŘ Ŧǳƭƭ ŘŜǘŀƛƭǎ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ ǘƘŜ 

{ǳǇǇƻǊǘƛƴƎ LƴŦƻǊƳŀǘƛƻƴΦ Lƴ ǎƘƻǊǘΣ bπŎȅŀƴƻƳŀƭŜƛƳƛŘŜ όмύ ŀƴŘ bπŎȅŀƴƻǎǳŎŎƛƴƛƳƛŘŜ όнύ ǿŜǊŜ 

ǇǊŜǇŀǊŜŘ ƛƴ ƳƻŘŜǎǘ ȅƛŜƭŘǎ ōȅ ǘǊŜŀǘƛƴƎ ǘƘŜ ƳŀƭŜƛƳƛŘŜ ŀƴŘ ǎǳŎŎƛƴƛƳƛŘŜΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƛǘƘ 

ŎȅŀƴƻƎŜƴ ōǊƻƳƛŘŜ ŀƴŘ ǘǊƛŜǘƘȅƭŀƳƛƴŜ ŦƻƭƭƻǿƛƴƎ ǇǳōƭƛǎƘŜŘ ƳŜǘƘƻŘǎΦмфΣнл bπόпπǘƻƭȅƭύŎȅŀƴŀƳƛŘŜ όоύ 

ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ сс҈ ȅƛŜƭŘ ōȅ ǘǊŜŀǘƛƴƎ пπƳŜǘƘȅƭŀƴƛƭƛƴŜ ǿƛǘƘ ŎȅŀƴƻƎŜƴ ōǊƻƳƛŘŜ ŀƴŘ ǎƻŘƛǳƳ 

ōƛŎŀǊōƻƴŀǘŜ ƛƴ ǘƻƭǳŜƴŜ ŦƻƭƭƻǿƛƴƎ ŀ ƭƛǘŜǊŀǘǳǊŜ ǇǊƻŎŜŘǳǊŜΦнм  tƻǘŀǎǎƛǳƳ пπ

ŎȅŀƴƻŀƳƛŘƻōŜƴȊŜƴŜǎǳƭŦƻƴŀǘŜ όпύ ǿŀǎ ǇǊŜǇŀǊŜŘ ōȅ ǘǊŜŀǘƛƴƎ ǎǳƭŦŀƴƛƭƛŎ ŀŎƛŘ ǿƛǘƘ ŎȅŀƴƻƎŜƴ ōǊƻƳƛŘŜ 

ŀƴŘ ǇƻǘŀǎǎƛǳƳ ŎŀǊōƻƴŀǘŜ ƛƴ ŀƴ ŀǉǳŜƻǳǎ ǎƻƭǳǘƛƻƴΦ  ¢ƘŜ ǇǊƻŘǳŎǘ ǿŀǎ ǎŀƭǘŜŘ ƻǳǘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ 

ǇƻǘŀǎǎƛǳƳ ŎƘƭƻǊƛŘŜΦ 

¢ƘŜ b/b ƳƻƭŜŎǳƭŀǊ ǎŎŀŦŦƻƭŘǎ ǿŜǊŜ ŘƛǎǎƻƭǾŜŘ ƛƴ 5a{h όŘƛƳŜǘƘȅƭ ǎǳƭŦƻȄƛŘŜύΣ ¢IC όǘŜǘǊŀƘȅŘǊƻŦǳǊŀƴύΣ 

ŀƴŘ ǿŀǘŜǊ ŦƻǊ ƛƴŦǊŀǊŜŘ ƳŜŀǎǳǊŜƳŜƴǘǎΦ ¢ƘŜ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ŀǘ нммт ŎƳπм ŦƻǊ 
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ŘƛƛǎƻǇǊƻǇȅƭŎŀǊōƻŘƛƛƳƛŘŜ ό5L/ύΣ ŀ ǊŜƭŀǘŜŘ ŎȅŀƴŀƳƛŘŜΣ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ ǘƘŜ C¢Lw ǎǇŜŎǘǊǳƳ ǘƻ 

ōŜ нфллҕолл aπмŎƳπмΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŀǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ Ϥ р ƳaΦ ! IŀǊǊƛŎƪ 

ǎŀƳǇƭŜ ŎŜƭƭ ǿƛǘƘ ǘǿƻ /ŀCн ŀƴŘ ŀ рл Ƴ˃ ǎǇŀŎƛƴƎ ǿŀǎ ǳǘƛƭƛȊŜŘ ǘƻ ŎƻƭƭŜŎǘ ǘƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊǳƳ ƻƴ ŀ 

bƛŎƻƭŜǘ стлл C¢Lw ǎǇŜŎǘǊƻƳŜǘŜǊΦ  

IŜǘŜǊƻŘȅƴŜŘ ǎǇŜŎǘǊŀƭ ƛƴǘŜǊŦŜǊƻƳŜǘǊȅ ǿŀǎ ǳǘƛƭƛȊŜŘ ŦƻǊ ƻōǘŀƛƴƛƴƎ ǘƘŜ ǎǇŜŎǘǊŀΦ CƻǳǊƛŜǊπǘǊŀƴǎŦƻǊƳ 

ƭƛƳƛǘŜŘ ул Ŧǎ ǇǳƭǎŜǎ ǿƛǘƘ ŀ ŎŜƴǘǊŀƭ ǿŀǾŜƭŜƴƎǘƘ ǊŀƴƎƛƴƎ ŦǊƻƳ прллπптлл ƴƳ ǿŜǊŜ ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ 

н5 Lw ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘǊŜŜ Ḑм ˃W ƭŀǎŜǊ ǇǳƭǎŜǎ ǿƛǘƘ ǿŀǾŜ ǾŜŎǘƻǊǎ ƪмΣ ƪн Σ ŀƴŘ ƪо ǿŜǊŜ ƛƴŎƛŘŜƴǘ ǘƻ ǘƘŜ 

ǎŀƳǇƭŜ ƎŜƴŜǊŀǘƛƴƎ ŀ ǎƛƎƴŀƭ ƛƴ ǘƘŜ ŘƛǊŜŎǘƛƻƴ ƪǎ Ґ ҍƪм Ҍ ƪн Ҍ ƪо ǿƛǘƘ ǘƘŜ ƻǊŘŜǊƛƴƎ мно όǊŜǇƘŀǎƛƴƎύ ŀƴŘ 

нмо όƴƻƴǊŜǇƘŀǎƛƴƎύΦ ¢ƻ ƻōǘŀƛƴ ŀōǎƻǊǇǘƛǾŜ ǎǇŜŎǘǊŀΣ ǘƘŜ ǊŜǇƘŀǎƛƴƎ ŀƴŘ ƴƻƴǊŜǇƘŀǎƛƴƎ н5 ŦǊŜǉǳŜƴŎȅ 

ǎǇŜŎǘǊŀ ǿŜǊŜ ǇǊƻǇŜǊƭȅ ǇƘŀǎŜŘ ŀƴŘ ŎƻƳōƛƴŜŘΦ ¢ƻ ƻōǎŜǊǾŜ ŀƴȅ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǎǇŜŎǘǊŀƭ 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ ǘƘŜ ǿŀƛǘƛƴƎ ǘƛƳŜΣ ¢Σ ōŜǘǿŜŜƴ ǘƘŜ ǎŜŎƻƴŘ ŀƴŘ ǘƘƛǊŘ ǇǳƭǎŜ ǿŀǎ ǾŀǊƛŜŘ ŦǊƻƳ л ǘƻ н 

ǇǎΦ !ŦǘŜǊ ŀǇǇǊƻǇǊƛŀǘŜ CƻǳǊƛŜǊ ǘǊŀƴǎŦƻǊƳǎ ŀƭƻƴƎ ǘƘŜ ŎƻƘŜǊŜƴŎŜΣ ˍΣ ŀƴŘ ŘŜǘŜŎǘƛƻƴΣ ǘΣ ŀȄŜǎΣ ǘƘŜ н5 Lw 

ǎǇŜŎǘǊŀ ǿŜǊŜ ǇƭƻǘǘŜŘ ŀǎ ˖̱ Ǿǎ ǘ̟Φ ¢ƘŜ ǾƛōǊŀǘƛƻƴŀƭ ǊŜƭŀȄŀǘƛƻƴ ǘƛƳŜΣ ¢млΣ ŦƻǊ ǘƘŜ ǘǿƻ Ƴŀƛƴ ǘǊŀƴǎƛǘƛƻƴǎ 

ǿŀǎ ŜǎǘƛƳŀǘŜŘ ŦǊƻƳ ǘƘŜ ǎƛƎƴŀƭ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ŘƛŀƎƻƴŀƭ ǇŜŀƪ ǿƛǘƘƛƴ ǘƘŜ н5 Lw ŀǘ ŘƛŦŦŜǊŜƴǘ ¢ ǾŀƭǳŜǎ 

ŀƴŘ ŦƛǘǘŜŘ ǘƻ 10/

0

T T
A A e

-
= Φ 

 

Computational Methods 

  The geometries of 1 and its saturated analogue, 2 were optimized in solution (DMSO). In 

all cases, we added three explicit molecules of DMSO and also utilized the implicit solvation self-

consistent reaction field, SCRF, polarizable continuum model (PCM). We used the B3LYP-D3BJ 

density functional in combination with def2-TZVP basis sets.22ς26 To obtain vibrational 

frequencies, we used the harmonic approximation. We also computed the anharmonic 



159 

 

 

 

corrections to these frequencies.  The Gaussian 16 package was used for all calculations.27 In 

order to analyze the potential energy curves of these molecules, we performed constrained 

geometry optimizations where we constrained the bond distances between the first N and the 

CN group of the NCN moiety.  

Ab initio molecular dynamics (AIMD) simulations were used to probe the thermal 

broadening of the DFT-calculated IR spectra. These simulations were carried out at 300 K for 15 

ps using a time step of 0.5 fs in the NVT ensemble while employing the PBE-D3BJ functional. We 

used def2-SVP Gaussian basis sets and the NWChem 28 code for these simulations. 29 

Result and Discussion 

In order to evaluate and characterize the 2D IR spectral properties of NCN stretch as a 

possible spectroscopic reporter,  bΣb-Diisopropylcarbodiimide (DIC) was chosen as a model due 

to its aliphatic nature and large absorption cross section ( 1

1 1

2117
~ 2900THF

cm
M cme -

- -

). Cho and 

coworkers10  observed smaller absorption cross section for two cyanamide-derivatized amino 

acids. The large transition dipole strength is a characteristic of electron delocalization between 

the first N and the CN of NCN moiety within the organic framework 10. This extinction coefficient 

of DIC in THF is five-fold larger than previously observed for NCN stretches in various other 

solvents 10. A single narrow transition located at 2117 cm-1 is observed in the infrared spectrum 

as a result of the NCN stretch. Additionally, the extinction coefficient, frequency, and bandwidth 

of this vibrational transition is sensitive to the local environment.  

The 2D IR spectrum of DIC in THF at T=200 fs reveals two transitions along the diagonal 

for the NCN stretch. The positive peak, locŀǘŜŘ ŀǘ ˖ˍ Ґ ˖t = 2117 cm-1, corresponds to the ⱳ

ᴼⱳ  transition (Figure 7-1). The negative peak, arising from the ⱳ ᴼⱳ  transition, 
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ƛǎ ǊŜŘ ǎƘƛŦǘŜŘ ŀƭƻƴƎ ǘƘŜ ˖t axis by 23 ± 1 cm-1. As a result of the population relaxation time, T10, 

the positive diagonal signal decay during the waiting time, T, with a time constant of 989 ± 63 fs.  

This lifetime is comparable to the azido- group lifetimes. Azides have been widely utilized as a 

vibrational reporter in many  biomolecular studies to uncover dynamics and structure 10,30,31.  

Lƴ ǿŀǘŜǊΣ ǘƘŜ b/b ǘǊŀƴǎƛǘƛƻƴ ƛǎ ƻōǎŜǊǾŜŘ ŀǎ ǘƘŜ ǇƻǎƛǘƛǾŜ ǇŜŀƪ ŀǘ Ǉƻǎƛǘƛƻƴ ˖Ґ̱ ˖t= 2111 

cmҍ1 red shifted by ~5 cm-1 compared to the transition in THF. The negative peak is 

anharmonically shifted by 23 ± 1 cmҍ1 from the positive peak. In contrast to the behavior in THF, 

the 2D IR of the NCN region in water changes significantly with waiting time (Figure S7-1). At 

T=200 fs the inhomogeneously broadened transitions are tilted and elongated along the diagonal 

ƻŦ ǘƘŜ ˖ ̱Ǿǎ ˖t plot. The elliptically shaped transitions become less tilted as the waiting time 

increases, which is quantified by the change in inverse slope as a function of time. This spectral 

behavior is related to the loss of correlation (spectral diffusion) between components of the 

inhomogeneous distribution of frequencies of the NCN mode in water. The correlation decays 

were determined to be 1.2 ± 0.5 ps and 3.5 ± 0.8 ps in water and THF, respectively. The positive 

diagonal signal strength in water decays exponentially with T, yielding a population relaxation 

time constant similar to THF, 1.05 ± 0.079 ps. The NCN stretch significantly overlaps with the 

water combination band at 2127 cmҍ1.16 The large thermal grating signal generated at all 

frequencies by the water combination band often increases the spectral noise at waiting times 

larger than 1 ps.  

Prior studies have observed that the infrared band structure of the NCN vibrational mode 

is significantly affected by the presence of a scaffold with increased electron delocalization. In 

particular, phenylalanine containing cyanamide has shown extended vibrational signatures in the 
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IR spectrum, likely due to Fermi resonances as suggested from quantum chemical calculations. 10 

To ascertain the influences of different structural scaffolding on the NCN vibrational mode and 

its unique vibrational signature, this spectroscopic reporter was incorporated into a 5- and 

attached to a 6-membered ring and investigated via 2D IR spectroscopy. Due to the low solubility 

of these aromatic scaffolds, the experiments were performed in dimethyl sulfoxide (DMSO). DIC 

was also measure in DMSO for direct comparison with other scaffolds, showing a single transition 

at 2111 cm-1 (Figure 7-2).  

The first molecular scaffold studies had the cyanamide attached to a six- membered 

aromatic ring, i.e., 4-methylphenylcyanamide (4MPC, Figure 7-3).  Both the linear and 2D IR 

spectra show multiple transitions within the region of the NCN transition.  Density functional 

theory (DFT) calculations of the harmonic vibrational frequencies indicate that only one transition 

should be present in this spectral region. The linear spectrum shows the strongest transition is at 

2236 cmҍ1 which we will refer to as the fundamental NCN stretching band. There is also a band 

at 2201 cmҍ1 of moderate intensity and a weaker one at 2222 cmҍ1 (Figure 7-3). Here, we report 

the 2D IR spectrum of NCN region of 4MPC and reveal the presence of both diagonal and off-

diagonal peaks at early waiting times which indicates anharmonic coupling between the 

transitions.16 The multiple transition pattern observed is consistent with near accidental 

resonances between a small number of overtone states, i.e. Fermi resonances with low 

frequency ring modes, previously detected with both OCN and N3 transitions in aromatic 

compounds16,17. The 2D IR spectrum of 4MPC in DMSO has three peaks along the diagonal shown 

ŀǎ ǇƻǎƛǘƛǾŜ ǇŜŀƪǎ ƭƻŎŀǘŜŘ ŀǘ ˖ˍ Ґ ˖t = 2236 cm-1, 2219 cm-1, 2201 cm-1 and shows no significant 

elongation that is typically seen in inhomogeneously broadened transitions. The negative 
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diagonal peaks are anharmonically shifted by 40 cm-1. Coupling between the three transitions is 

ƻōǎŜǊǾŜŘ ǿƛǘƘƛƴ ǘƘŜ ŎǊƻǎǎ ǇŜŀƪ ǊŜƎƛƻƴ ƭƻŎŀǘŜŘ ŀǘ ϑ˖Σ̱ ˖t} values of {2197, 2220} cm-1, {2220, 

2237}, and {2200, 2237}. The intensity ratio of the 2201 cm-1 and 2236 cm-1 diagonal transitions 

is 1:0.84. Significant overlap of the transitions in 4MPC in the 2D IR makes the spectral analysis 

for dynamic studies somewhat challenging. The vibrational lifetimes of the NCN modes was 

measured to be 0.4± 0.03ps. While this is shorter than the lifetimes measured by Cho and co-

workers and that measured in DIC, the presence of the Fermi resonance is known to lead to 

shorter vibrational lifetimes. 10  

To further identify the modes responsible for Fermi resonance, the frequency 

distributions have been calculated from DFT. 4-MPC has calculated frequencies at 2305 

(fundamental NCN stretch), 2279 (overtone), 2300 (combination) and 2296 (combination) cm-1. 

The combination transition at 2300 cm-1 is near-degenerate with the fundamental band at 2305 

cm-1 (Table 7-1). The energy separation between these peaks favors the Fermi resonance effect, 

as observed experimentally, Figure 3. Therefore, the transitions located at 2201-2222 cm-1 in the 

experimental spectrum are likely due to Fermi resonance. Based on prior work, quantum 

chemical calculations for aromatic cyanamide, suggest Fermi resonance is the cause for the 

complicated lineshapes seen in the IR spectra.10 Fermi resonance often complicates the spectral 

analysis by showing significant overlap with the fundamental transition. 

In an attempt to remove the Fermi resonance, a 5-membered ring scaffold was adopted 

with the NCN embedded within the ring. This scaffold also removes the NH hydrogen-bond donor 

from the cyanamide. Two five membered rings, cyanosuccinimide (CSI) and cyanomaleimide 

(CMI), were analyzed via FTIR and 2D IR spectroscopy. These 5-membered rings with the NCN IR 
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reporter can easily be incorporated into a peptide through conjugate addition of a thiol (i.e. 

reaction with a cysteine side chain, See SI) The linear IR spectra of CMI in DMSO reveals multiple 

transitions around 2100-2200 cm-1(Figures 7-4). The vibrational transitions of CMI, a conjugated 

scaffold, are located at 2251, 2154, 2175, and 2184 cm-1. Similarly, the linear IR spectra of CSI, a 

more saturated molecule with less conjugation, also has multiple transition located at 2258, 

2245, 2192, and 2144 cm-1(Figure 7-5). The IR intensity ratio is different between the CMI and CSI 

spectra. The 2D IR spectrum of both compounds show similar band structure with the peaks 

indicated for the FTIR along the diagonal with significant inhomogeneous broadening. Unlike the 

4MPC (above) and the phenylalanine cyanamide 10, no cross peaks are present in the off diagonal 

in 2D IR spectra for both of these molecules. Based on DFT harmonic and anharmonic vibrational 

frequency analysis with implicit DMSO solvent, only one peak is expected in the 2100-2200 cm-1 

region of the IR spectrum. Thus, with the presence of no anharmonically coupled cross peaks in 

the 2D IR spectra, the physical origin of the multiple transitions was an open question that 

required further computational analysis to address. It should be noted that the overall band is 

different between the two compounds suggesting that the extent of conjugation by the ring plays 

a role in the peak distribution. Furthermore, analysis shows that the vibrational lifetime of the 

CSI scaffold is 0.70 ± 0.03 ps for the most intense transition (2148 cm-1) and 0.80 ± 0.01 ps for the 

transition located at 2144 cm-1. Whereas, the vibrational lifetime was ~2 times longer (1.20 ± 

0.03 ps) for the CMI scaffold for the higher frequency band at 2251 cm-1 and it around 0.80 ± 0.01 

ps for the transition located at 2184 cm-1 along the diagonal.  The longer lifetime for the CMI 

scaffold likely results from the additional electron delocalization of the highly conjugated ring 

system reducing vibrational damping. However, the origin of the rest of the extra vibrational 
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transitions observed in the FTIR and 2D IR was unknown and several approaches were explored 

to uncover it.  

As a first experimental approach, the temperature dependence was measured for the 

FTIR spectra.  However, no significant change in the vibrational spectra of either compound was 

observed with temperature, suggesting that the additional peaks was not due to simple 

population distribution between states. As a second experimental approach, the solvent was 

changed to determine the presence of any bathochromic effects within DMSO. The FTIR 

spectrum of CMI measured in acetone demonstrated that the solvent did have a significant effect 

on the vibrational band structure present (Figure 7-6). For example, the location of the vibrational 

transitions (2259, 2188, 2178 cm-1 and a broad transition around 2150 cm-1) are shifted to higher 

frequencies and their relative intensities are significantly different. These experimental findings 

suggest that the vibrational frequency splitting within the spectrum is a result of the solvent itself. 

However, in order to fully understand the frequency distribution, several quantum mechanical 

computations were undertaken. 

DFT calculations and ab initio molecular dynamics (AIMD) simulations were performed on 

CSI and CMI. For the frequency analysis based on the equilibrium structures from DFT calculations 

in a vacuum, implicit solvent or explicit solvent, the band structures seen in the experimental 

spectra were not reproduced. All these calculations predicted only one peak in the regions 

around 2100-2300 cm-1, with little possibility for anharmonic peaks. We therefore proceeded to 

analyze the potential energy curves associated with the N-C bond distance of the N-C¹N moiety 

in CMI and CSU. Overall, we find that the cubic contributions to the potential are similar for both 

molecules, Figure 7-7. We therefore conclude that empirical peaks at 2144 and 2175 cm-1 are 
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likely not due to anharmonic effects, in agreement with the 2D IR data, Figures 4 and 5. Further 

examination illustrates that the potential energy curves are quite flat near equilibrium. To 

illustrate, CMI with a N-C bond distance of 1.13 Å is only about 0.9 kcal/mol less stable than the 

equilibrium structure. As expected, structures with longer N-C distances have lower frequencies 

for the N-C=N stretch as well as higher intensities. We see a similar situation for the saturated 

compound, Figure 7. We conclude that thermal averaging will result in rather broad peaks for the 

fundamental frequencies of both compounds. These peaks are likely to be more asymmetric 

towards the low-frequency portion of the IR spectrum, Figure 7-7. We investigate these effects 

by performing AIMD simulations over a period of 12.1 ps. Our results are shown in Figure 7-8. 

The peaks are broad and asymmetric, as expected. However, the AIMD simulations were not able 

to reproduce the extra vibrational transitions observed in the FTIR and 2D IR experiments for the 

CMI and CSU scaffolds in DMSO. As it was mentioned above, the experimental approach data 

suggested indicated that the solvent has had a significant effect on the band structure of the CMI 

scaffold. In order to computationally investigate the effect of a repulsive interaction of the DMSO 

solvent repulsive interaction with the conjugated ring, the distance between DMSO and the CMI 

scaffold has been varied. Our calculations show that there is a significant change in the vibrational 

frequencies as the distance between DMSO and CMI is reduced. At a distance of 2.3 Å (NCN to O 

of DMSO) between CMI and solvent, the NCN stretch is reduced to 1961 cm-1. This is to be 

compared to 2350 cm-1 for the equilibrium structure of CMI. Additionally, if the DMSO and CMI 

are optimized with a constraint of 2.1 Å (between S atom of DMSO and NCN of CMI), the NCN 

stretch is calculated to be 2180 cm-1, see SI. With appropriate scaling factors, this NCN stretch 

would be around 2134 cm-1, a region that coincides with the experimentally observed mysterious 
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peaks. On the whole, these results suggest the existence of electron repulsion effect of DMSO on 

the ring mode of CMI. This has previously been seen before with the tyrosine ring mode. 2  

Conclusions 

Utilizing a combination of 2D IR spectroscopy and computational approaches, the sensitivity of 

the cyanamide vibrational reporter for different structural scaffolds and identification of the 

corresponding spectral features of the cyanamide moiety (NCN) were uncovered. The FTIR and 

2D IR spectra of the different cyanamides in DMSO showed significant variations in the number 

of transitions, peak positions, and vibrational lifetimes. In DIC, a simple single transition was 

observed with a vibrational lifetime of ~1 ps. The sensitivity was measure through the center line 

slopes of the transition yielding a correlation decay of 1.2±0.5 and 3.5±0.8ps in water and THF, 

respectively. The 2D IR spectrum of 4MPC (conjugated to an aromatic ring) showed strong 

anharmonic coupling, i.e. an accidental Fermi resonance, resulting in significant overlapping cross 

peaks within the spectrum. This significant overlap of the transitions and the significantly shorter 

vibrational lifetimes render this scaffolding less useful than DIC as a vibrational reporter.    

Most interestingly, the 2D IR spectra of the CSI and CMI scaffolds, where the NCN is 

embedded in a five membered-ring, exhibited distinct separation between multiple peaks along 

the diagonal and no cross peaks, indicating no evidence of strong anharmonic coupling, i.e. Fermi 

resonance. Significant differences between the CSI (saturated) and CMI (conjugated) compounds 

indicated that electron delocalization plays a role in the origins of the band structure. To uncover 

the origins of these transitions, several experimental and computational approaches were 

performed. First, DFT vibrational analysis suggested that a single transition should be observed. 

Further analysis with variable temperature data, DFT and DFT molecular dynamics simulations 
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suggest that these transitions are not due to population distribution within the thermal level. 

However, the vibrational band structure was affected by the solvent. This experimental 

observation, in conjunction with the computational results of the frequency dependence on the 

distance of a DMSO solvent molecule from the ring, revealed the origin of the lower frequency 

transitions is likely a result of electron repulsion between the conjugation of the 5-membered 

ring and the lone pairs of the DMSO.  Finally, incorporation of the CSI vibrational reporter into 

peptides should be possible through the reaction of CMI with cysteine side chains, thus providing 

a new way to determine peptide structural dynamics via 2D IR spectroscopy. 
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Figure 7-1. 2D IR spectra of DIC in a) water at T=200 fs and in b) THF at T=200 fs 

a b 
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Figure 7-2. a) Molecular Structure of bΣb-Diisopropylcarbodiimide, (DIC) b) FTIR 

spectrum of DIC  in DMSO and c) 2D IR spectrum at T=200fs of DIC in DMSO. 

a) 

b) 

c) 
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a) 

Figure 7-3. a) The molecular structure of 4-methylphenylcyanamide (4MPC) b) FTIR spectrum 

of 4MPC in DMSO and c) 2D IR spectrum at T= 200fs of 4MPC  in DMSO. 

b) 

c) 
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Table 7-1: Calculated dominant peaks (cm-1ύ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜƴǎƛǘƛŜǎΣ ˄ όLύΣ ƻōǘŀƛƴŜŘ ŦǊƻƳ ŀƴƘŀǊƳƻƴƛŎ 
corrections to the IR spectrum of 4-MPC. 

 

 Peak Intensity  Peak Intensity  Peak Intensity 

Fundamental 2305 113.1 Overtone 2279 6.9 Combination 2245 4.2 

       2296 12.7 

       2351 13.1 

       2300 93.4 

       2347 0.3 
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Figure 7-4. a) Molecular structure of N-Cyanomaleimide (CMI) b) FTIR spectrum of CMI in DMSO and 

c)2D IR spectrum at T=200fs of CMI in DMSO 

a) 

b) 

c) 
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Figure 7-5. a) Molecular structure of N-Cyanosuccinimide (CSI) b) FTIR spectrum of CSI in DMSO 

and c)2D IR spectrum at T=200fs  of CSI in DMSO 

a) 

b) 

c) 
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Figure 7-6. FTIR spectrum of CMI in acetone 
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Figure 7-7: Potential energy curves associated with the (ring) N-C distance of CMI and CSU. The inset is 

focused on the PEC about 1 kcal/mol from the equilibrium structures. 
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Figure 7-8. IR spectrum of CMI (conjugated) and CSU (saturated) obtained from AIMD 

simulations at 300 K 
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Supporting information for 2D-IR studies of NCN as a spectroscopic reporter of dynamics in 

biomolecules: Uncovering the Origin of Mysterious Peaks 

Farzaneh Chalyavia, Olajumoke Adeyigaa, Julia M. Weinerb, Judith N. Monzyb, Andrew J. Schmitza, 

Justin K. Nguyena, Edward E. Fenlonb, Scott H. Brewerb, Samuel O. Odoha* and Matthew J. 

Tuckera*  

Experimental 

All the molecular scaffolds have been synthesized and characterized by Julia M. Weiner, Judith 

N. Monzy, Edward E. Fenlon, Scott H. Brewer. 

Computational method 

The computational part has been performed and analyzed by Olajumoke Adeyiga and Dr. Samuel 

Odoh. 

We used superfine grids in all our calculations with the Gaussian 16 code. The electronic energies 

of the equilibrium optimized geometries as well as those of the N-C constrained geometries were 

also computed with the Density Functional Theory (DFT) approach. The hybrid density functional 

.о[¸tΣ ǿŀǎ ǳǎŜŘ ǿƛǘƘ DǊƛƳƳŜΩǎ ŘƛǎǇŜǊǎƛƻƴ ǎŎƘŜƳŜ ŎƻǳǇƭŜŘ ǿƛǘƘ .ŜŎƪŜ-Johnson damping 

scheme. The atoms were described with triple-zeta basis sets with polarization functions, 

def2TZVP.  
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Figure S7-I: Calculated harmonic IR spectra of 5-membered ring scaffolds (CMI and CSU) 

obtained at the B3LYP-D3BJ/def2-TZVP level. 
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Non-equilibrium structures depicting interaction of CMI with DMSO 
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Conjugate Addition of a Thiol 

 

 

Figure S7-2. Conjugate addition of Thiol 
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Chapter VIII. Side projects 

ü 1) Hot or not? A photophysical investigation of the sexual dichroism within 

Cabbage white butterfly  

Farzaneh Chalyavi, Anne Espeset, Natalie R. Fetto, Matthew L. Forister* and Matthew J. 

Tucker* 

Mate selection within the Cabbage white butterfly (Pieris rapae) has been 

hypothesized to rely heavily of the reflective nature of the male wing. Previously, 

leucopterin (C6H5N5O2) has been suggested to be a key component in this mate selection 

process. This study investigates the origin of reflectance within the Cabbage white wing 

and its relationship to leucopterin. We evaluate the pigmentation and microstructure of 

both male and female wings utilizing various analytical methods, such as UV, 

Fluorescence, and TOF-MS. These studies suggest that leucopterin is not the only source 

for the reflectance measured in the wings and, therefore, not the main reason for the 

sexual selection in Cabbage white butterfly. According to the spectroscopic 

measurements and imaging data, the main contributor to the amount of reflectance from 

the wing which has a major role in sexual dichroism in cabbage white butterfly species 

has been determined to be microstructures of wing scales. 

Introduction  

Butterfly wings are excellent model systems for understanding color production 

mechanisms due to their display of some of the brightest and most complex colors in 

nature. This color complexity has a significant effect on their survival and reproductive 
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success. Many butterflies have natural photonic crystals to reflect and refract light in 

order to produce coloration through three-dimensional microstructures of the scales that 

cover the wings.1,2 Additionally, some colorations are derived from pigmentations such as 

melanins, ommatins and pteridines. Female butterflies utilize long-range visual signals in 

order to evaluate these color productions to find a suitable mate, choosing those who 

express the brightest surface.3ς5 Therefore, revealing the effect of the chemical and 

physical source of reflectance gives a better understanding of the sexual selection 

mechanism in butterfly species. 

Light interaction with biological samples can be obtained with various processes. 

These samples have complex and inhomogeneous media.  The incident light can be 

scattered as a result of microscopic differences of the refractive index within the sample. 

It also can be absorbed by fluorophores which can produce fluorescence due to the excess 

energy release. The main contributors to the reflectance from biological samples on a 

spectroscopic level include: pigmentations (chemicals),  microstructure size, and 

morphology.6,7 Finding the main contributor for the reflectance in butterflies allows for 

better understanding of the sexual dichroism in different species. 

The Cabbage white butterfly (Pieris rapae) is of particular interest when it comes 

to wing coloration due to their bright white color, which is relatively rare in insects. It has 

been suggested that female cabbage whites select their mate due to the reflective nature 

of the male wings. 8,9 Understanding what wavelength range this reflectance occurs in will 

give insight into mate selection. 10,11 In previous studies, evidence has been found that 
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indicates the expression of leucopterin (C6H5N5O3), a nitrogen rich, UV-absorbing 

pigment, in wings of the cabbage white butterfly (P.rapae). 12Due to its effect on the white 

color of the wing, leucopterin has been suggested to have a significant role in the 

reflective properties of the male wings, therefore, having a large contribution to mate 

selection in this species. This work will focus on evaluating the role of leucopterin, 

microstructure in the coloration and reflectance in the wings of Cabbage white 

butterflies.  

Spectroscopic studies of the wing extracts 

Previous literature suggests that the sexual selection of the cabbage white is due the 

intensity of reflectance of their wings.13 This reflectance can be related to either 

pigmentation, microstructure of the wing, or a combination of both. To investigate the 

role of leucopterin in this process, pure solutions of leucopterin have been compared to 

extracts collected from male and female wings in a variety of spectroscopic investigations.    

In order to assess how leucopterin can affect wing reflectance, an integrating 

sphere was used to collect the reflectance spectra of pure leucopterin and compare it to 

extractions from both male and female wings, Figure 8-1. Reflectance spectra show 

similar reflectance for all three samples within the visible regime, but there are significant 

differences within the UV. As expected, the female extract showed lower reflectance 

percentage overall compared to the male extract. Due to the extensive differences in the 

reflectance within the deep UV, more spectroscopic investigation will be required to 

determine the cause of the variation between samples.  
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UV-Vis spectroscopy was initially utilized to determine how significant the role of 

leucopterin is within these extracts, Figure 8-2. The UV-Vis spectrum of leucopterin 

contains two major peaks of interest at 288 nm and 345 nm. Similar transitions are 

observed within both the male and female extracts, suggesting that leucopterin may be 

present in both the male and female wings. Despite the fact that similar transitions are 

observed, the absorbance profiles for the extracts vary widely from that of pure 

leucopterin, suggesting other compounds may be present within these extracts. 

Additionally, the male and female extracts show disparity in both intensity and profile. 

This may suggest that UV absorbing compounds extracted from the wings may differ in 

quantity between males and females.  

Because reflectance can be attributed to a variety of factors, fluorescence 

emission spectra of pure leucopterin and the wing extracts were collected to determine 

if fluorescence may play a role in the perceived reflective nature of the male wings, Figure 

3. Leucopterin had no significant emission spectra, where the male and female extracts 

show a broad emission peak centered around 415 nm. This confirms the presence of 

additional UV absorbing/fluorescing compounds within the extracts. When comparing 

the extracts, the male extracts had higher fluorescence intensity in comparison to the 

ŦŜƳŀƭŜΦ ¢Ƙƛǎ Ƴŀȅ ōŜ ŀ ŎƻƴǘǊƛōǳǘƛƴƎ ŦŀŎǘƻǊ ƛƴ ǘƘŜ άǊŜŦƭŜŎǘŀƴŎŜέ ƻŦ ƳŀƭŜ ǿƛƴƎǎΦ  

The reflectance, UV-Vis, and fluorescence spectra suggest one or more UV 

absorbing compound present within the wing extracts in addition to leucopterin. TOF-LC 

MS was used to identify these remaining compounds and their relative quantities within 
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the extracts. The MS results confirm the presence of three different compounds in both 

male and female extracts: Leucopterin, uric acid and xanthopterin and their relative 

quantities are shown in Table 8-1. All three compounds were found in higher 

concentrations in the male, which supports the lower absorbance values and 

fluorescence intensity found within the female extracts in the prior spectroscopic studies. 

Despite the larger concentration of leucopterin in male extracts than female, the 

spectroscopic studies suggest that leucopterin is not the single contributor to male wing 

reflectance.  

Table 8-1: MS data for the Male and female cabbage white butterfly extracts 

Compound Male (peak area) Female (peak area) Ration M/F 

Leucopterin 2421.31 1325.36 1.8 

Uric Acid 1171.08 577.87 2.0 

Xanthopterin 367.36 246.14 1.5 

 

Butterfly Wings Analysis 

Mass analysis on wing extracts revealed a higher concentration of all three 

compounds within the male wings compared to the female. Is the concentration of these 

chemicals within the wing responsible for the variation in reflectance or is there a 

dependence on wing structure? In order to test whether the reflectance of the cabbage 

white wing is due to chemical or physical differences, direct reflectance spectra of the 

male and female butterfly wings have been collected using an integrating sphere UV-Vis 
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spectrophotometer. Wing reflectance has been evaluated before and after extraction to 

determine the dependence of chemical coloration on cabbage white wing, Figure 8-4. 

Interestingly, the comparison between reflectance spectra of the wings prior to and after 

extraction show no significant changes in the percent reflectance. This suggests that the 

amount of reflectance detected from the butterfly is mainly due to the microstructure of 

the wing itself rather than chemical contributions. Additionally, the male wings seemed 

to lose significantly more color than the females after extraction, suggesting that the 

extracted chemicals have a more significant effect on the pigment than the reflectance.  

To observe how extracting these pigments affects the wings, SEM images were 

collected before and after extraction for both sexes. SEM images suggest that there are 

more pigment beads in males than females which is consistent with both TOF-MS data 

and prior studies, Figure 8-5. 11  After extraction, both male and female wings show no 

remaining pigment beads confirming that the three compounds found from mass analysis 

are completely removed upon extraction with 0.1M NH4OH. Higher concentrations of 

pigment beads being removed within the male wings leads to a greater loss in white color 

after extraction, as observed previously.  

Due to the pigment beads not having a significant effect on reflectance spectra, 

physical differences in wing scales are most likely where differences in reflectance occur. 

Butterfly wings are composed of a collection of scales which could contribute to the 

observed wing reflectance. Optical micrographs reveal that length and width of the scales 

differ between male and female wings. The female scales are shorter and wider (length 
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ƻŦ ммл ˃Ƴ ŀƴŘ ǿƛŘǘƘ ƻŦ пл ˃Ƴύ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƳŀƭŜ ǎŎŀƭŜǎ όƭŜƴƎǘƘ ƻŦΥ ƳŀƭŜ   мтл ˃Ƴ  

ŀƴŘ ǿƛŘǘƘ ƻŦ нп ˃ƳύΣ CƛƎǳǊŜ 8-6. Additionally, the quantity of wing scales varied between 

the sexes. These structural differences between wing scales could significantly alter how 

light is reflected.  Based on the optical micrographs and SEM imagining it is likely that 

physical differences in wing scales are the largest contributor to wing reflectance where 

pigments, specifically leucopterin, are responsible for the bright white color of the 

cabbage white. 

Conclusion 

²ƛƴƎ ŎƻƭƻǊŀǘƛƻƴ Ŏŀƴ Ǉƭŀȅ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ŀ ōǳǘǘŜǊŦƭȅΩǎ ōŜƘŀǾƛƻǊΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ƳŀǘŜ 

selection. Leucopterin, a compound previously thought to be related to wing reflectance, 

has been determined to contribute to pigmentation of both male and female wings but 

does not show a significant contribution to the reflectance of the wing. Instead, the 

length, width, and quantity of scales contained in butterfly wings is suggested to be the 

main contributor to the difference between male and female cabbage white butterflies.  

Overall, the spectroscopic measurements, SEM images, and optical micrographs support 

that there are variations in microstructures between male and female butterflies which 

can affect the sexual dichroism of the cabbage white species. Additionally, leucopterin is 

not the sole contributor to butterfly reflectance or mate selection. The techniques used 

to investigate the photophysical properties of the cabbage white can also uncover the 

origin of spectroscopic phenomena in a variety of different butterfly species. 
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Materials and Methods 

Materials: The cabbage white butterflies were collected in Davis community garden. The 

wings were cut using a fine scissor.  

Extraction Method: Wings were ground into a fine powder by using liquid nitrogen and 

then immersed in 5 mL of 0.1M NH4OH overnight. The mixture was centrifuged prior to 

spectroscopic measurements. 

Spectroscopic methods: The absorption spectra of the wings before and after extraction 

were collected by using UV-Vis spectrophotometer (PerkinElemer Lambda 25). 

Fluorescence measurements were collected on a Jobin Yvon Horiba Fluoromax-3 using an 

excitation slit of 2 nm, emission slit of 5 nm, and an integration time of 1 nm/s. 

The absorbance and reflectance spectra of the wings were collected using a UV-Vis Varian 

Cary 5000 Integrating sphere. Forewings were mounted onto a glass microscope slide and 

wings were exposed directly to incident light.  

The mass data was collected using a TOF-LC MS Agilent model G6230A high-resolution 

high-mass accuracy time-of-flight mass spectrometer. Wing samples were extracted by 

clipping an identical area to accurately compare mass concentration within the wings.  

Optical Micrographs of the wings have been collected using a Leica DMI 3000 B 

microscope equipped with a digital camera. 

SEM details: Scanning electron microscopy (SEM) was used to quantify wing pigmentation 

in P. rapae forewings. Wings of a single individual were detached from the thorax, with 
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one forewing extracted in 0.1M NH4OH solution for pigment extractions (see above for 

detailed methods) and the other forewing imaged using an SEM for comparison of 

extracted vs. non-extracted wing-pigment density of the same individual. Wings used for 

SEM were affixed with carbon tape and sputter coated with platinum. Images were taken 

using a Hitachi S-4700 Field Emission Scanning Electron Microscope at 2-5 kV voltage for 

each individual wing.  
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Figure 8-1. Integrating sphere reflectance spectra of the male and 

female extracts compare to the pure leucopterin sample in 0.1M NH4OH 
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Figure 8-2. UV-Vis spectra of the male and female extracts compare to the pure 

leucopterin in 0.1M NH4OH 
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Figure 8-3. Fluorescence spectra of the male and female extracts compare to the pure 

leucopterin sample in 0.1M NH4OH 
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Figure 8-4. Reflectance spectra of male and female wings before and after 

extraction 



196 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-5. SEM images of a &b) male wing before extraction and c) after extraction and 

d & e) female wing before extraction f) after extraction  
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Figure 8-6. Optical micrographs of a) female wing before extraction  b) male wing before 

extraction c) female wing after extraction d) male wing after extraction 
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ü 2) Incorporation of azido- in protein system (sfGFP) 

Superfolder green fluorescent protein (sfGFP) is Monomeric, has 247 Residues, 28 kDa, 

residue 135 in Red (Solvent Exposed) (SASA=100 Å2), residue 149 in Blue (Partially Buried) 

ό{!{!Ґрр )нύΣ пт҈ ʲ-ǎƘŜŜǘΣ мл҈ ʰ-helix. sfGFP is an ideal model system for visible 

confirmation of protein expression. pN3Phe was incorporated at the 133 site (sfGFP-133-

pN3Phe) on a flexible loop and the 149 site (sfGFP-149-pN3tƘŜύ ƻƴ ǘƘŜ ǎƛŘŜ ƻŦ ǘƘŜ ʲ-barrel 

with the side chain facing solvent. 1 (Figure 8-7)  

The 2D IR study of 3 mM sfGFP-149-pN3Phe in 20 mM HEPES buffer (pH 7.5) solution was 

performed. The results were compared with the 4-azido phenylalanine (4-AzidoPhe) 

sample. The 2D IR data of both sfGFP-149-pN3Phe and 4-AzidoPhe were collected from 0 

to 2ps. (Figure8-8) 

The vibrational lifetime and correlation decay of these two samples have been obtained 

and compared. 

The vibrational lifetime of 4-AzidoPhe was fitted to a bi-exponential decay, (Figure 2) 

ώ πȢςωÅØÐ
ὼ

ρστȢυρ Ὢί
πȢχρÅØÐ

ὼ

ρςσωȢως Ὢί
 

The error bars for the times are 94 fs and 255 fs, respectively. 

The determined vibrational lifetime decay for sfGFP-149-pN3Phe was best fitted to a 

single exponential decay. The vibrational lifetime was measured to be 459.9±39 fs which 

is faster than the 4-AzidoPhe data. (Figure 8-9) 
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The following is the data for GFP compared to the 4-AzidoPhe.  I found the vibrational 

lifetimes along with the correlation decays.  The correlation decays were found by using 

the tangential line slope along with the CLS where the CLS I varied the number of points 

plotted.  I averaged the slopes to find the correlation.  Also, I had three different data sets 

for GFP and all three produced similar results.   

Correlation Decay:  

The correlation decay of these two samples was determined by utilizing the center line 

slope (CLS) method. 

The initial slope is higher for the 4-azidophe compared to the sfGFP-149-pN3Phe.  

4azidophe CLS data is fitted best with a bi-exponential of so 

ώ πȢρπφÅØÐ
ὼ

σφȢχω Ὢί
πȢσςυÅØÐ

ὼ

ωσυȢχω Ὢί
 

With error bars of 58 fs and 116 fs, respectively.   

The correlation decay time for sfGFP-149-pN3Phe, fitted with a single exponential, is 

362.47±90 fs, therefore there is a faster dephasing for sfGFP-149-pN3Phe compare to 4-

AzidoPhe as the correlation decay is faster.(Figure 8-10)  

ü 3) Extending the Azido- probe Lifetime  

Extending the vibrational lifetime for the commonly used vibrational reporter of dynamics 

for biological systems can allow for detection of dynamics on longer timescale. The 

vibrational lifetime value relates to when the signal strength has decayed by 
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approximately 1/e. By extending the timescale for commonly used vibrational reporters 

such azido-probe. The motion dynamics beyond simple bond rotations such as 

folding/unfolding in RNA molecules as well as protein-protein binding equilibrium can be 

investigated by utilizing azido-probe.2 

For extending the vibrational lifetime of azido- vibrational reporter several molecular 

scaffolds have been synthesized and characterized. The pump-probe measurements have 

been performed on these scaffolds. The vibrational lifetimes for the azido-probe in each 

sample have been determined. These results have been summarized in Table 8-1. 

Based on the pump-probe data, the vibrational lifetime of azido- reporter has been 

extended in these scaffolds. Longer lifetime was detected with the isotope labeling 15N3 

in the samples incorporated 3 phenyl rings. No significant change in the vibrational 

lifetime was detected for the Bu3SnN3 sample upon isotope editing. These results suggest 

that the isotope labeling affects the ring mode significantly. A gradual increase of the fast 

component of the vibrational lifetime was seen from C to Sn atom replacement. The 

vibrational lifetime of azido-probe was extended to as long as 320 ps for the Ph3C15N3. 

This lifetime extension can be beneficial for conformational dynamic studies in large 

biomolecules. (Figure 8-6) 
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Table 8-2. Experimental vibrational lifetimes for various molecular scaffolds 

Molecule Experimental 
Vibrational 
Frequency (cm-1) 

Experimental 
Extinction Coefficient 
(M-1 cm-1) 

Experimental 
Isotopic Shift1 (cm-

1) 

Experimental 
Vibrational Lifetimes 
(ps) of 
Major & Minor 
Components 

Ph3CN3 2101.3 1500 
 

1.7 (87%) 
52 (13%) 

Ph3C15N3 2033.6 
 

-67.7 2.4 (94%) 
320 (6.2%) 

Ph3SiN3 2143.6 900 
 

1.6 (77%) 
8.8 (23%) 

Ph3Si15N3 2072.6 
 

-71.0 1.9 (87%) 
32 (13%) 

Ph3SnN3 2076.6 1300 
 

4.0 (83%) 
23 (17%) 

Ph3Sn15N3 2008.2 
 

-68.4 6.0 (86%) 
53 (14%) 

Bu3SnN3 2073.1 1500 
 

7.4 (76%) 
2.5 (24%) 

Bu3Sn15N3 2004.7 
 

-68.4 7.1 (95%) 
64 (5%) 

  

1Isotopic shift calculated by subtracting the unlabeled N3 frequency from the 15N3 

frequency. 
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Figure 8-7. Structure of wild-type sfGFP (PDB ID 2B3P) with the 133 and 149 sites 

labelled 

 

 

Figure 8-8. Vibrational lifetime decay of 4-AzidoPhe 
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Figure 8-9. Vibrational lifetime decay of sfGFP-149-pN3Phe 
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Figure 8-11. Correlation decay of 4-AzidoPhe (red) and sfGFP-149-pN3Phe (blue) 

T=200 fs 

Figure 8-10. 2D IR spectrum of sfGFP-149-pN3Phe at T=200fs 



206 

 

 

 

 

 

 

a 

b 






















