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Abstract

The nearly degenerate asymmetric stretch vibrations near 1600 cm™1 of the guanidinium cation in
D-glycerol/D,0 mixtures having different viscosity were studied by 2D IR photon echo
spectroscopy. The polarization dependent photon echo signal shows two separate frequency
distributions in the 2D spectrum in D50, even though only one band is evident from inspection of
the linear FTIR spectrum. The split components are more clearly seen at higher viscosity. The
interactions with solvent induce energy transfer between the degenerate component modes on the
time scale of 0.5 ps. The energy transfer between modes is directly observed in 2D IR and
distinguished by the waiting time dependence of the cross peaks from the transfers between threefold
symmetric configurations of the distorted ion and solvent. The 2D IR analysis carried out for various
polarization conditions required specification of frequency-frequency auto- and cross- correlation
functions for the degenerate components.
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INTRODUCTION

It remains an outstanding challenge to find a microscopic interpretation of the mechanism
whereby Guanidinium chloride (GdmCI) denatures proteins. It readily unfolds almost all
proteins, often at low GdmCI concentrations=3. Two perspectives have been proposed for the
protein denaturation by the amphiphillic ion Gdm™: one invokes the direct interaction of
Gdm* with nonpolar groups of proteins*=5, and the other gives a key role to changes in the
water structure induced by Gdm*’. Therefore it is of value to design experiments that probe
this ion along with its associated water structure and accompanying dynamics. In the present
experiment 2D IR (two dimensional infrared) spectroscopy is used to provide new information
regarding the structural and dynamical characteristics of Gdm* and its associated water.

*To whom correspondence should be addressed. hochstra@sas.upenn.edu. Phone: 215-898-8410. Fax: 215-898-0590.
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The isolated Gdm™ ion has D3 symmetry with the C and N atoms on the plane perpendicular
to a three fold symmetry axis® as shown on Figure 1. Each of the NH2 group planes makes an
angle ~ 12° with the CN3 plane. The isolated ion has a degenerate mode around 1600 cm™1
corresponding to a combined CN3 asymmetric stretch and NH,, scissors motions. The
symmetric stretch of CN3 is around 1000 cm™1. Asymmetric stretch mode has a large (ca. 0.5D)
transition dipole®. Therefore the IR band of isolated Gdm™ at ca. 1600 cm ™1 should correspond
to two transitions at the same frequency having orthogonal transition dipole directions. In a
solvent at each instant these modes become distinguishable and the transition dipole directions
become well defined in the molecular frame. The 2D IR methods can probe the structure
distributions of solvent associated ions and also the dynamics of any structural relaxations. By
accessing both structural and dynamical features in a single experiment 2D IR10 can provide
the transition dipole reorientational motions, intermode coupling and time dependent
frequencies of each of the vibrational transitions on the ultrafast time scales commensurate
with expectations for H-bond dynamics in aqueous ionic solutions as recently demonstrated
for small ions11~13,

There is a significant literature on the linear IR and two dimensional vibrational echo
spectroscopy of coupled anharmonic oscillatorst3=21, They are modeled by two zero-order
modes whose V=0—V=1 transitions may be chosen as nearly degenerate, such as in a
symmetric dimer16 or a dipeptide?2: 23, but whose eigenmodes are split by virtue of the term
in the Hamiltonian that couples the two modes. The coupling for a pair of anharmonic
oscillators represents an excitation exchange interaction which is often approximated for strong
transitions as a dipole-dipole interaction. The existence of the coupling causes the eigenmodes
to become linear combinations (that is, excitons) of the zero order modes. This is a
fundamentally different situation than expected for a delocalized degenerate mode of a three-
fold or higher symmetry system. In this case the vibrational eigenmodes have the same
frequency, or they have nearly the same frequency if the molecule is in a solvent whose
instantaneous structures might slightly break the exact symmetry. In the three-fold symmetry,
the coupling of the vibrational and rotational angular momenta (Coriolis coupling) will cause
one degenerate component to transfer into the other and the degenerate levels to split. If the
solvent interactions strongly quench these angular momenta, the two modes may still mix and
split as a result of them having different chemical interactions with surrounding solvent
molecules. The splitting need not be caused by an excitation exchange interaction and in a first
approximation the two components of the split degeneracy are still the same delocalized
vibrational eigenmodes. Thus we see that the degenerate transition presents opportunities to
evaluate the solvent interactions from a perspective that differs completely from the spectra of
coupled anharmonic oscillators. Nevertheless the coupling to solvent can induce energy
transfer between the nearly degenerate modes which can be detected by anisotropy
measurements and by 2D IR24=26 pecause the nearly degenerate modes have nearly
perpendicular transition dipoles. The energy transfer is expected to induce cross peaks in the
2D IR spectra2>—27 allowing the transfer kinetics to be defined and evaluated.

Recent pump-probe measurements of the anisotropy for the 1600 cm™ transition of Gdm*
have revealed sub-picosecond solvent induced transfers between the two nearly degenerate
components. Intermode energy transfer has been invoked to explain anisotropy decays in a
number of other examples?4 28: 29 These include CN vibrations of hexacyanides2* and CO
vibrations of hexacarbonyls28: 29 for which the degenerate states can be described by the
superpositions of modes that are localized on symmetrically placed CN or CO groups. The
relaxation kinetics is then analogous to the relaxation of Frenkel excitons. The present example
of Gdm™* is conceptually different in that the relaxation of Gdm* is intrinsically related to
solvent induced mixing of the two nearly degenerate, delocalized vibrations that are not
intrinsically exciton-like. In the present paper we investigate these solvent effects through their
influence on the vibrational frequency distributions and dynamics for this nearly degenerate
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pair of Gdm™* transitions at ca. 1600 cm™! using polarization dependent femtosecond 2D IR
photon echo and heterodyned transient grating methods.

EXPERIMENTAL METHODS

Sample Preparation

The guanidinium chloride purchased from Sigma-Aldrich (http://www.sigmaaldrich.com) is
fully deuterated (C(ND,)3*, DGdm™ and dissolved in D,O. Deuteration prevents the spectral
overlapping of degenerate mode of DGdm™ at ca. 1600 cm™1 with OH bending. The salt was
completely deuterated by successive dissolution in excess D,O followed by lyophilization.
Samples were held between two CaF; plates separated by a 12 micron spacer. The use of
concentrations less than ~0.2 M ensured that the DGdm™ ions were not aggregated30. D-
glycerol/D,0, 59% (by weight) with viscosity 10 cP3! at 295K were also used in the
experiments. Sample without spacer and with the concentration of 1.5 M was used in transient
grating experiment.

Linear FTIR spectroscopy

Linear FTIR spectra were obtained with Thermo Nicolet 6700 FTIR spectrometer with 0.5
cm 1 resolution.

2D IR photon-echo experiment

A detailed description of the 2D IR photon-echo experiment and data processing can be found
elsewhere13: 32, Here, we employed Fourier-transform limited 75 fs pulses with center
frequencies at 1600 cm™L. Three of these pulses each with energy 400 nJ and wave vectors

;l, ;2 and 23 were incident on the sample. The phase-matched signal at wave vector

—k 1+ k o+ k s Was detected by heterodyning it with a local oscillator pulse that always preceded
the signal pulse by a fixed interval of ~1.0 ps. The interval between pulses 1 and 2 is denoted
as T, that between 2 and 3 as T, and that between 3 and the detected signal as t. In the rephasing

(nonrephasing) sequence the beam ;1 arrives earlier (later) than ;z by an amount t. The signal
and local oscillator pulses were combined at the focal plane of a monochromator having a 64-
element MCT array detector (IR Associates, Inc.). The raw data collected using this method

was a function S(t,\, T) of the two time intervals and wavelength. Fourier transformation along

T and transformation of A to «; generate the two-dimensional spectra S (wr, ;. T) for each
populationinterval T. To obtain absorptive spectra, the rephasing and nonrephasing were added
ateach value of T. For polarization dependent echo experiments the incident and local oscillator
pulses passed through polarizers to produce either same polarization for all pulses and the

XXXX tensor signal or perpendicular polarization of (k 1> k2) and (k3’ km) pulses
corresponding to the XXY'Y tensor. In the transient grating experiment the XYY X tensor was
also investigated. Polarization dependent heterodyned transient grating data (TG) were

obtained by scanning T at zero delay between first two interactions, ;1 and ;2.

EXPERIMENTAL RESULTS

The FTIR spectra of DGdm™ in the 1500 ~ 1700 cm™2 region in different solvents are shown
in Figure 2. This spectral region is presumed to incorporate the degenerate asymmetric stretch
mode of the CN3 group of DGdm™*. The FTIR spectrum of DGdm* in D,O has one symmetric
peak centered at 1599 cm™1 (¢ = 868+8 M1 cm™1). The change of solvent to a glycerol/water
mixture leads to clear splitting of this band into two components: the first centered at 1600
cm 1 (e =831 £ 65 M1 cm™1) and the second as a shoulder at 1590 cm ™2,
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The polarization dependent absorptive 2D IR spectra of DGdmCI in D,0 are shown in Figure
3 while those of DGdmCI in D-glycerol/D,0 are shown in Figure 4. In both these Figures the
data are shown in the left-hand columns: the right-hand columns are simulations to be discussed
later in the paper. The details of the 2D IR data in Figures 3 and 4 show conclusively that the
1600 cm™1 band of DGdm™ consists of two identifiable frequency distributions peaked at
different locations on the diagonal of the 2D IR spectra. It is also clear that there are cross peaks
connecting these two diagonal transitions. The specific features of these 2D IR spectra,
pertaining mainly to the V=0—V=1 contribution, which is shown in the blue in Figures 3 and
4, are summarized in the following description.

The XXXX polarization 2D IR spectra in Figures 3.1a and 4.1a are both elongated along the
diagonal at waiting time T = 0 ps. They both show multiply peaked distributions that are most
apparent for the D-glycerol/D,0 spectra. For the D,O case, the trace of the 2D spectral signal
along the diagonal line drawn in Figure 3, presented in the upper panel of Figure 3.1a, shows
the asymmetry that indicates of multiple states. In D,O the peaks appear at o, = 1600 cm™1
and ~1590 cm™L. In D-glycerol/D,0 (Figure 4) they are readily identified at », =1586 cm™1
and 1602 cm L. These doublet spectra in D,O merge into a single peak with central frequency
o, = 1598 cm™~1 after a waiting time of 2 ps. The relaxed spectrum resembles an almost upright
ellipse with its major axis along the coherence frequency axis w,. At a waiting time T=2 ps the
two diagonal peaks of the 59% D-glycerol/D,0 sample are shifted to o, =1587 cm 1 and 1601
cm 1 and the lower frequency peak has decreased in intensity. This decrease combined with
the increase in cross peak intensity causes the spectrum to appear more upright, as in Figures
3.1band 4.1h. The term upright signifies that the 2D IR spectrum not tilted from the orthogonal
frequency axes. The analysis given later will show that the spectral evolutions of the two
samples are quite similar although the increased splitting in glycerol/D,O makes it more readily
visualizable. The lower frequency peak appears to decrease significantly with increasing T
delay. In both solvents this decrease is accounted for by the overlap of the diagonal negative
peak with the positive component of the cross peak. The XXYY 2D IR spectrum of DGdm*
in D,0O at T=0 ps shows (see Figure 3) some elongation along the diagonal but it is more upright
than the corresponding XXXX spectrum. The significant differences between the XXXX and
XXYY signals, evident even at equivalent waiting times, are best visualized by comparing
Figures 3.1a with 3.1c or 4.1a with 4.1c. The D0 sample shows only one peak at o, =1599
cm for T = 0 but the spectrum evolves to have a distinctly upright shape at T = 2 ps. In D-
glycerol/D,0, shown in Figure 4, cross peaks linking the two diagonal peaks are clearly seen
along with two diagonal peaks at o, = 1585 cm™1 and 1601 cm™L. At T=2 ps a lower frequency
diagonal peak is no longer present, and an upright spectrum is seen that has two peaks along
the coherence frequency ., at 1598 cm~1 and 1590 cm™1 as shown in Figure 4.

The heterodyned TG signals, recorded at the maximum of the photoinduced absorption are
presented in Figure 5(a). They permit a direct comparison of the three tensor components. The
XXXX and XXY'Y signals provide the same information as the polarization dependent pump-
probe experiment. The T4 lifetime is obtained from the time evolution of the isotropic signal
(XXX X+2XXYY) which, in combination with XXXX-XXYY, yields the anisotropy. The
T4 lifetime of 1.8 ps obtained from the TG experiment is in excellent agreement with that
obtained from pump-probe data30. The anisotropy presented on Figure 5(b) has a double
exponential decay with time constants 0.43+0.07 ps and 13+7 ps and amplitudes 0.34+0.05
and 0.07+0.01. The parameters of the anisotropy agree reasonably with the more accurate
pump-probe measurements3C. The tensor XY'Y X decays very quickly compared with the other
components and its evolution coincides with the rise of XXY'Y signal. The XYY X tensor decay
could be reasonably fit with one exponential decay function with a time constant of 0.38 ps
comparable with the fast decay of the anisotropy. The slow decay part of the anisotropy is too
small to measure definitively in the heterodyned TG experiment that we performed.

J Phys Chem B. Author manuscript; available in PMC 2011 March 4.
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DISCUSSION

The absorptive 2D IR spectra [XXXX, T = 0] in D50 in Figure 3 clearly demonstrate that the
transition at ca. 1600 cm™1, which shows a single band in FTIR, is composed of a multiple
peaked frequency distribution along the diagonal of the 2D IR spectra, having at least two well-
defined peaks. The spectra have an upright shape in D-glycerol/D,0 and in neat D,O indicating
that there is a cross peak between the two peaks of the distribution that is polarization sensitive.
In D-glycerol/D,0 the cross peak is more readily visualized (see Figure 4) and it is evident by
inspection that the relative amplitude of the cross peak at w, =1601 cm™ increases compared
with the diagonal peak at 1601 cm ™1 as T increases. The increase of cross peak amplitude with
increasing T tends to make the spectra appear more upright and elongated along o, for all
solvents and polarization conditions.

The time scale of the cross peak evolution was derived from the relative amplitude of the cross
peak compared with one of the diagonal peaks. Slices along . at w, =1601 cm™1 (refer to
Figure 4) were used to obtain the T dependences of the ratios shown in Figure 6 of signal
amplitudes at o, =1585 cm™! and w, =1601 cm™1, for XXYY and XXXX polarizations in D-
glycerol/D,0. The exponential fit of the ratios gives a time constant of 550+70 fs for cross
peak growth. This manner of analysis removes the effect of population relaxation which causes
the overall signal to decay during the T period. The T dependence and polarization dependence
of cross peak amplitude immediately suggests there is energy transfer between the two nearly
degenerate asymmetric stretches2%: 26,

The decay of the transient grating signal includes contributions from rotational diffusion and
any processes leading to reorientation of the transition dipole moments. Rotational diffusion
of the molecule with two perpendicular transitions in a spherical molecule approximation
would provide a decay of XXXX and XXY'Y components to a constant value and of the XYY X
component to zero, as is readily seen from orientational averaging for each component33, The
ultrafast decay of the XYY X component occurs on a time scale much faster than characteristic
times in rotational diffusion 1/6D and 1/2D. Moreover, the time scales of the XYY X decay
and cross peak growth in 2D IR spectra are very similar, suggesting that the two effects have
the same origin, namely energy transfer between two nearly degenerate modes which leads to
reorientation of the two transition dipole moments. These cross peak dynamics and fast decay
of the XYY X component of the TG signal are occurring on the time scale of recently reported
pump-probe anisotropy decay for DGdm* in D,0 and in D-glycerol/D,030

The dephasing and energy transfer parameters obtained from the 2D IR experiment/simulation,
described below, are considerably more accurate than those from the TG.

2D IR PHOTON-ECHO SIMULATION

2D IR photon echo spectra for dilute solutions of DGdm* were simulated by assuming a model
consisting of the six states shown in Figure 7 and the response functions illustrated by the
pathways in Figure 8. In the model there are two one quantum states (1=/10) and 2=|01)) which
are the components of the degenerate level. The transition dipole moments to these states from
|00) are assumed to be perpendicular. There are three two quanta states (1+2=[11), 2+2=(02),
1+1=[20)). The frequencies of the [01)—|02) or |10)—|20) transitions are each downshifted
by A from the fundamental frequency. The |11) state is downshifted by A, from the sum of the
two fundamental frequencies. This choice of system eigenstates to describe the solvent induced
dynamics of the degenerate manifold of states has been discussed in detail previously3C. The
simulation is based on response functions given in reference3* and assuming delta function
excitation pulses. The relevant diagrams are shown in Figure 8 (rows 1-3). The dephasing
dynamics are discussed below.

J Phys Chem B. Author manuscript; available in PMC 2011 March 4.
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We first consider the fast cross peak growth shown in Figure 6. The D3 point symmetry of gas
phase DGdm™* will be broken by asymmetric solvent interactions at any instant in the solution
phase. The distorted structure that arises must have three equivalent orientations in space that
carry with them three solvation shell structures: these configurations are labeled as A, A, and
Ag. For these three configurations the ion normal modes for different molecules in the sample
would be identical except for a three-fold rotation in space. The IR transition dipole moments
would be rotated by £27/3 in the plane of an ion. If an A; configuration were excited by a short
pulse, the redistribution of water molecules in the solvation shell and adjustments of the
coupling of solvent to the ion would cause a transfer into the A, or Az configuration. Even in
the absence of overall molecular rotation, at long delays after excitation of Az the three
configurations will have appeared an equal number of times, and would not be distinguishable.
We will show that this process is slower than energy transfer. The former incorporated into the
simulation through a simplified kinetics scheme that involves one rate coefficient, kg,
connecting any pair of configurations A1, Ay and Ag. These 2ri/3 flips of the transition dipole
moment direction cause a loss of anisotropy on the time scale (3ks) 1 In the 2D spectrum the
time dependence of both the diagonal and cross peaks are sensitive to this effect.

The decay of anisotropy and cross peak growth in the 2D IR echo experiment will also be
modified by solvent induced energy transfer between the two split degenerate components of
any one of the three configurations A1—As, which will cause stochastic jumps of =/ 2 in the
transition dipole directions.

The present analysis incorporates all the response functions for the nearly degenerate oscillator
and it is assumed that the rate constants for energy transfer and coherence transfer during the
T period are equal. This latter idea is based on a highly simplified picture of the system-bath
interaction where the solvent bath is not influenced by the vibrational motions of the

DGdm™ system. As mentioned in an earlier paper3?, the system-bath interaction V is considered
to depend on the normal modes Q4 and Q, of the DGdm™ degenerate state, and on the
coordinates, g, of the bath:

V=V(q,0)=) Vi@ O
i=1,2
+ Vi@ QiQj ...

i,j=1,2 (1)

The equation of motion describing the dynamics of the reduced density matrix elements, in the
basis of the six state model defined above, has the following form in each of the 7, T and t
periods of photon echo experiment:

pij (1) :Zei(“’”’ e )rRij;kIPkl @)
] @

where R is a Redfield matrix®> 36 and |wjj—wy0 At where At is a measure of the evolution
time of the system. Subpicosecond evolution times and near degeneracy results in many pairs
of states chosen from the six state model being able to satisfy this inequality and so many
density matrix elements need to be considered in the simulation. It was shown in earlier work
that coherence transfer in the t period does not contribute much to the dynamics3C so here, we
consider only coherence transfer during the T period during which time population transfer
also occurs. In the simplified analysis the bath is not influenced by the solute, and it is
characterized by a spectral density g(w), so the rate coefficient for population transfer (z / 2
flips) between degenerate components 1 and 2 and for coherence transfer are defined as:

J Phys Chem B. Author manuscript; available in PMC 2011 March 4.
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ker=k =k —M )
a=Ki1->0n=K12->21="23 8 )

These rate coefficients are the Redfield elements:

2r
R221':k“’>22=h_22P"Z|<S’ 21VIr, D)PS (w5 — w12)
r s (4)

2
Rmz:klz»ﬂ:h—zZP,-Z (. 2|VIn 1) (r2|V] 5,1) 6 (s — wa1) o

where s and r represent the eigenstates of the bath and Py is the Boltzmann factor for state r of
the bath. Equations (3) — (°) are readily obtained from the Redfield Equation® for R,gys. In
the present situation since the degeneracies have small splittings we assume that w12 = @21 =
0. The equality of kq1_,22 and kq2_,»1 in the simple model is readily verified from properties
of V=0 and V=1 of harmonic oscillators. It is noted that the energy transfer and the coherence
transfer defined by Equation (3) both depend on the variance of the fluctuations of the bath, g
(0) . As mentioned above, the exchanges of the coherences pg; and pgp created by the first
pulse are considered to be slower because the states 1 and 2 are eigenmodes of the system and
the exchange between pg; and pgp would appear to require fluctuation of the bath on the time
scale of the fundamental transition frequencies, a result which arises from the restricted
Redfield model described above. This coherence transfer depends on g(wg1), which is likely
to be much less than g(0) when #w1g >> KgT, which is certainly the case for a high frequency
vibration. For this reason the pg1 , pg2 €xchange during t is neglected. Our previous experiments
on the pump-probe analysis

As already mentioned, the signal will depend on the 2z / 3 flips between configurations.
However, since this process involves significant solvent reconfiguration it would be expected
to slow down considerably at higher viscosities. The experiments in D,O and glycerol/water
mixtures give quite similar results in regard to time dependence as shown by comparing Figure
3 and 4 at 2 ps. These results indicate that the effect of viscosity on the cross peak dynamics
is not large, suggesting that the x / 2 flips are the dominant effect. The following analysis,
which incorporates both processes clearly indicates that energy transfer is indeed the dominant
mechanism for reorienting the transition dipoles.

To account for the energy transfer in the simulation the rephasing and nonrephasing pathways
shown in Figure 8 (rows 4, 5) were incorporated. The main point of these diagrams is that the
evolution involves a spontaneous component during T which is represented in the diagrams as
the dashed line. This process can cause a population that was driven into one state to be detected
through another state into which it spontaneously flows. Similarly it can result in a coherence
during T being transformed into its conjugate with a rate described by Equation (5). During

the T period the system is assumed to undergo kinetics induced by the system - bath interaction

which is incorporated through a multiplicative factor. This factor is 1 (1 — e~ for the
diagrams in rows (4) and (5) which are those experiencing population or coherence transfer.
The probabilities for these diagrams undergoes growth from zero to a limiting contribution of
50%. The corresponding diagrams in rows (1) — (3), which are those not undergoing transfers,

are multiplied by a factor ! (1+e‘2"f'"‘). They undergo decay to the same 50% limit. Each

J Phys Chem B. Author manuscript; available in PMC 2011 March 4.
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diagram in rows (1) to (3) excluding the ground state bleaching terms, has a partner in rows
(4) and (5). The rate coefficient ke is defined in Equation (3). The influence of the diagrams
in rows (4) and (5) on the signal vanishes when kg T <1.

The relaxation parameters included population lifetimes and dephasing processes. The T
lifetimes of the states obtained from magic angle pump-probe measurements were 1.82 ps and
2.44 ps for DGdm™* in D,0 and in the 59%D-glycerol/D,0 mixture respectively39. The
population lifetimes for the two nearly degenerate states were assumed to be equal and a
harmonic approximation was used to define the lifetimes of doubly excited states. The pure
dephasing was incorporated through integrated relaxation functions gq1(t), g22(t) and g12(t)
with parameters as described below. Orientational factors for two perpendicular transition
dipole moments in the approximation of a spherical diffuser were employed in the
simulation33, A path such as the first diagram in line 4 of Figure 8 involves energy transfer,
and its orientational factor is taken from column iijj of Table 1a since the first two field
interactions are with one mode (i) and second two are with the other (j). The 2z / 3 flip

contributes to all diagrams. Its kinetic factors are chosen as (1+2e’3‘7‘T) for the starting

configuration, say A, and L (1 — e=37') for the other two configurations. Thus, for each
diagram the orientational coefficient {aybjcydn) is replaced by:

3 (142657 (bl )

m n

+ (1 - e_3]"5T) <a£1bflcﬁ3dj?l>

3T\ /AL pAL Az A
+ (l—e )(ak‘b,‘cm‘dﬂ‘>

(12)

where superscripts Az, Ay, Ag indicate which of the three configurations interacts with the
excitation field. Values for <af‘bf‘6,?fdf,‘z> and (af‘bf“c,/?fdf,b> are given in Table 1b.

The 2D IR spectra of the split components of the degenerate state are congested so it is useful
to visualize them as a function of T for the two components artificially separated in frequency,
but otherwise with parameters for the degenerate transitions, as shown in Figure 9 in which
spectra are simulated for T=0 and also for T=2 ps. The 2 ps panels are for three different
relaxation mechanisms: In the first column of panels (2a and 2b) only the spectral diffusion
and T4 processes are incorporated. In the second (3a and 3b) the coupling to induce / 2 jJumps
is added. The third panels (4a and 4b) include spectral diffusion, T, processes and 2z / 3 flips.
Even without detailed processing the simulated spectra show clearly that the cross peak growth
is completely different for the different mechanisms. The plots of ratios between cross peak
and diagonal peak signals for the two mechanisms are shown on Figure 10. Comparisons with
the experimental data for D-glycerol/D,0 shown in Figure 6 show clearly that the energy
transfer model agrees well with experiment and must be the dominant mechanism for cross
peak growth in the D-glycerol/D,0 mixture. The data show that ke; must be much greater than
Ks.

Simulated 2D IR spectra for different polarization conditions are shown on Figure 3 and Figure
4 using parameters given in Table 2. The central frequencies, w; and w,, of two modes, their
transition dipole moments, 1 and i, the parameters for the autocorrelation and

crosscorrelation functions and the rotational diffusion coefficients were chosen to satisfy both
the linear FTIR and the 2D IR spectra. Simulated linear FTIR spectra are presented on Figure
2 with curves drawn by circles. The energy transfer rate coefficients were ke;=0.53 ps~1 in neat
D,0 and ke=0.71 ps~1 in D-glycerol/D,030. The simulation incorporated rotational diffusion
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coefficients of 3.3*1010 s71 for D,0 and 0.33*1010 s71 for D-glycerol/D,030. Figures 3, 2a
and 2c show the simulated spectra for XXXX and XXY'Y polarizations where the main features
of the experiment (Figure 3, 1a and 1c) are captured: the XXY'Y spectrum is proven to be
upright (i.e. not tilted from the frequency axes) because of the presence of underlying cross
peaks. The simulations in 2a and 2c of Figure 4 reproduce all the main features of the
experiment at T=0. The T-dependent growth of the cross peak is also reproduced by the
simulation for both samples. In the more viscous solvent, where two bands are more separated
in frequency and have different intensities the agreement between the simulation and
experiment is more easily visualized. In the simulations the dephasing contributions to the
responses were treated differently for different diagrams.

The vibrational frequency autocorrelation function C(t) required for the diagrams in line (1)
of Figure 8 was assumed for each of the transitions to be the same sum of a homogenous part
y and a Kubo function, namely: C(t) = 2y5(t) + A% YT, where the product tA is approximately
equal to or greater than unity. The diagrams in line (2) involve pumping one transition and
probing the other so they require a cross correlation between the two frequency distributions.
The homogeneous parts of these transitions are considered, by definition, to be completely
uncorrelated so that a cross-correlation function Cq5(t) of the two vibrational frequencies was
incorporated in the approximate form: C1»(t) = fA%e T where f is a correlation coefficient that
was allowed to vary between 1 and -1. The diagrams in line (2) and (3) were evaluated by using
these same auto and cross correlation functions. With these definitions the decay during T
depends on the homogeneous relaxation parameter g only when there is a 1-2-coherence, as in
the diagrams in row (3) of Figure 8, otherwise the homogeneous dephasing has no influence
during T. The integrated relaxation parameters (the g(t) functions 3°) have been set down in
detail elsewhere 34 and need not be reproduced here. In the initial fitting the pairs of and t
parameters of the auto and cross-correlation functions were allowed to vary independently but
they consistently emerged as being approximately equal therefore in the fits shown in this paper
they were assumed to be equal and only one pair of values of = 2 ps and t = 1.13ps for water
and = 1.45ps 1 and t = 1.5ps for D-glycerol/D,0 are quoted. The values of the homogeneous
dephasing rates were found to be g = 0.84 ps~1 for the D,O solvent and g = 0.51 ps~1 for the
D-glycerol/D,0 mixture. The picosecond correlation time t is attributed to the reconfiguration
of the local water structures involving the ND, groups of DGdm™ as will be discussed in next
section. The cross correlation function of the split component frequencies presented on Figure
3 and 4 utilizes a correlation factor value f = -1 for both solvents. The equality of the cross-
correlation and auto-correlation times indicates that the same solvent reconfigurations are
responsible for both processes. The response functions for the DGdm* transitions in D,O and
in D-glycerol/D,0 solvents incorporate quite similar frequency-frequency auto- and cross-
correlation functions. The visual difference in the experimental results for the two solvents
shown in Figures 3 and 4 originates from differences in three parameters: the dephasing
contributions from population lifetime and reorientation; the solvent dependent splitting of two
frequency distributions; and the relative strengths of the two transition dipole moments.

The simulation showed that the shape of the 2D IR spectra is very sensitive to the correlation
between the frequency distributions of the two modes. A negative correlation is required to
reproduce the shape of the absorptive spectra for XXYY experiment at T = 0 for DGdm™ in
D,0 and in D-glycerol/D,0 shown in Figure 3 and 4. This shape arises because the cross peak
tilted toward the antidiagonal direction. This anticorrelation is consistent with the notion that
the solvent forces that are splitting the degeneracy tend to push the component states apart. In
both solvents the frequencies of the two component modes, wy and wy, are well separated with
the average values of wo-w; being 10.6 cm™1 for D,O and 14.2 cm™1 in D-glycerol/D,0. These
splittings are readily accounted for by water H-bonding not only breaking the symmetry but
distorting the -ND, groups as discussed below. In D-glycerol/D,0 the diagonal
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anharmonicities aising from the fits are 18+1 cm™1 for the lower frequency transition and 11
+1 cm1 for the higher frequency mode. These values are significantly different.

RELATIONSHIP OF 2D IR TO STRUCTURAL DYNAMICS

The influence of water interactions with Gdm™ on the frequency fluctuation of the nearly
degenerate asymmetric stretches was first addressed by classical MD simulation. The
simulation was performed with the NAMD package 37 using a box with a side of 30 A
containing 816 TIP3P waters and one Gdm+ cation. Parameters for Gdm* were from the
topology file for proteins in CHARMM22. A 1 ns duration trajectory was simulated with 20
fs step. The fluctuation of the NH, groups was analyzed by means of the fluctuation of the
angle (o) between CN bond and the plane containing a N and two H atoms of a selected
NH> group.

Radial distribution functions gcow(r) for Cggm+-Owater and gnow(r) for Nggm+-Owater are
presented on Figure 11a. The three nitrogens are equivalent and data for only one of them are
shown. The positions of the first peak on the distributions, 2.9 A for gnow(r) and 3.8 A for
gcowl(r), clearly indicate the amphiphilicity of the Gdm™*: there is a significant lack of the water
density immediately above and below Gdm™ plane in comparison with the water density around
NH, groups. Water molecules cannot approach the ion perpendicular to its plane and achieve
normal H-bond separations from the carbon to oxygens of water. So the ion has a hydrophobic
shield which only allows amphiphilic character towards water molecules around the perimeter
of the ion that are approaching in directions that project significantly onto the plane of the
CN3 group.

The MD simulation shows that reconfiguration of the H-bonded water molecules around the
perimeter leads to significant variations in the -NH, group geometries. The angle j was chosen
to characterize the fluctuation of NH, groups. A semi-quantitative picture of the time evolution
of the reconfiguration of water around ion is given from the classical simulation of the
autocorrelation function of the fluctuation of the angle j. The slow autocorrelation time was
found to be 0.89 ps. The calculated time constant is similar to the slow decay time of 1.13 ps
for the auto and cross correlation functions of the frequency fluctuations given in Table 2. Both
the simulation and experiment are shown in Figure 11b. In the experimental fits the fast
component of the frequency-frequency correlation function was assumed to be a delta function:
the simulation gives a fast time constant of 27 fs. It is concluded that the observed frequency
correlation functions are determined by hydrogen bond making and breaking around the
perimeter of DGdm™* causing a wagging of the -ND, groups. It is evident from the MD
simulation that the -NH, groups are bending out of plane and wagging in response to their
interactions with the water molecules. It was confirmed by computations that the frequencies
of the degenerate mode components are strongly correlated with the configurations of the -
NH, groups. Ab initio calculations on [C(ND>)3]*/D,0 clusters with up to 8 D,O molecules
showed that the degenerate mode near 1600 cm™2 can split by up to 80 cm™ due to the
interactions with asymmetrically disposed water molecules through H-bonding to the -ND»
groups 0.

CONCLUSION

The 2D IR photon echo spectroscopy of the nearly degenerate asymmetric stretch vibrations
of DGdm™* in D,0 and D-glycerol/D,0 having perpendicular transition dipole moments
showed an ultrafast growth of the cross peak between the two modes. Vibrational coupling of
the two modes due to the system-bath interaction causes the population transfer (energy
transfer) between them and also transfer between the inter-mode coherences which does not
significantly contribute to the signal. A decay of the frequency-frequency correlation function
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occurs on two timescales: a motionally narrowed limit which is presumed to be caused by fast
(50 fs) librations of water molecules in the solvation shell; and a slower decay on the time scale
of one picosecond which is determined by solvation shell reconfiguration including H-bond
making and breaking around the ND; groups on the perimeter of DGdm™.
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Figure 1. Structure of Gdm™* in vacuum
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Figure 2. Linear FTIR spectra of guanidinium chloride

The normalized FTIR spectra of guanidinium chloride, DGdm?*, in (a) D,O and (b) 59% D-
glycerol/D,0, after solvent absorption is subtracted. The circles represent the simulation of
the linear FTIR spectra with parameters given in Table 2.
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Figure 3. Polarization dependent absorptive spectra of 0.1 M DGdm™ in D,O
Experimental spectra (1a—1d) at the two indicated waiting times, T. Simulation results (2a—2d)
with parameters from Table 2. The plot situated above (1a) is the trace along the dotted diagonal
line shown in (1a). The polarizations of the pulses are indicated on each subplot.
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Figure 4. Polarization dependent absorptive spectra of 0.133 M DGdm™ in 59% D-glycerol/D,0O
Experimental spectra (1a—1d) at the two indicated waiting times, T. Simulation results (2a—2d)
with parameters from Table 2. The polarizations of the pulses are indicated on each subplot.
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Figure 5. Heterodyned Transient Grating (TG) of DGdm™* in D,O

(a) Three tensor components of the experimental (red, blue and black curves) and simulated
(circles, squares and triangles) heterodyned TG signals XXXX, XXYY and XYY X are shown.
The signals are recorded at the maximum of the photoinduced absorption (1575 cm™1). The
smooth red curve almost coincident with the black curve for XYY X is a single exponential
decay.

The simulation used parameters from Table 2 with m1= 1593.1 cm™1, wp= 1604.5cm™, A =
1.6 ps71, and ke=1.1 ps~1 for the best fits.

(b) Anisotropy decay of DGdm™ in D,0 from the TG measurement XXXX and XXYY.
Experimental (black), the double exponential decay fit (red) and simulated (circles) anisotropy
probed at the maximum of photoinduced absorption (1575 cm™1).
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Figure 6. Cross peak dynamics

The ratio of the amplitudes between the cross peak at w, = 1585 cm~1 and the diagonal peak
at o, = 1601 cm™1, both at ®, =1601 cm™L. The polarizations are XXXX (squares) and XXYY
(circles). The data refer to the 2D IR absorptive spectra of 0.133 M DGdm™ in 59% D-glycerol/
D,0. Single exponential fits (as discussed in the text) are shown as solid curves.
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Figure 7. Energy diagram for the separated normal modes model

The displacements of the atoms of the CN3 group of DGdm* for the two degenerate components
of the 1600 cm™1 normal mode are shown. The atomic displacements illustrate the orthogonal
polarization of the two transitions.
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Figure 8. Liouville path diagrams for the photon echo signal emmited in the —Z 1 +;2+Z3 direction
Rows 1 and 2 describe stimulated emission (population of state 1 during waiting time), ground
state bleaching (ground state 0 during waiting time) and excited state absorption (coherence
of 1+1 or 1+2 states and state 1 after the third interaction). Row 3 describes diagrams with
interstate coherence during the waiting time. Rows 4-5 describe population and coherence
transfer between modes during T due to the system-bath interaction. The horizontal dashed
line implies that a spontaneous process occurs in the indicated interval. The complete set of
diagrams needed for simulations includes those with indices 1 and 2 interchanged.
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Figure 9. Simulated spectra for an artificially large (100 cm‘l) splitting of the degeneracy: effects

of population exchange and 2z / 3 flips of the transition dipoles

The parameters are from Table 2 for DGdm™ in D,O. The upper row is for XXXX and the
lower row for XXY'Y polarization.
la and 1b: T=0, spectral diffusion incorporated, no population exchange or 2z / 3 flips.
2a and 2b: T=2 ps, otherwise as in 1a and 1b.
3a and 3b: T=2 ps, spectral diffusion and population exchange incorporated, no 2z / 3 flips.

4aand 4b: T=2 ps, spectral diffusion and 2x/ 3 flips incorporated, but no population exchange.
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Figure 10. Simulated time dependence of the ratios of cross and diagonal peak intensities
Simulated 2D IR absorptive spectra for XXXX (circles) and XXY'Y (squares) polarizations
with the assumption of (a) 2z / 3 flips (as defined in the text) and no population exchange and
(b) population exchange and no 2z / 3 flips between component states.
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Figure 11. MD simulation results for Gdm* in H,0
(a) Radial distribution functions gnow(r) (solid curve) and gcow(r) (dashed curve) obtained

from MD simulation of Gdm™* in H,0 where O, refers to a water oxygen atom. (b) Simulated
(dashed curve) and experimental (solid curve) correlation decays. The simulation corresponds
to {3¢(t)5¢p(0))/{5¢p2) where 8¢ is the fluctuation in the NH, wagging coordinate ¢ discussed
in text. The experiment is the frequency-frequency correlation function with parameters given

in Table 2 for DGdm™.

Normalized correlation

function

2
Time (ps)
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a) Orientational coefficients for Feynman paths for an oblate symmetric diffuser having two vibrational transition
dipole moments in a plane perpendicular to the symmetry axis and b) The orientational factors for +2x/3 flips.

a)
Tensor Feynman path (a g y 8)
*eZD(H'T)
(iiif) (ijii) (iijj) (ijin)
<XXpYyYs> 1 [ —GDT] 1 -6DT 1 [ fGDT] <X1XpY1Yo>
Y —|5 - - = —|5+
5 5—-2e 30 € 5 5+2e
KXpXyX> [ 1 [5 4 48—6DT] L -6DT 1 [5_ 26—6DT] Xy XaY1Yo>
15 45
<XA1XA1YA1YA1> 115 | 130 | 215 | -1/30
Al 5 Al A2 1, A2 Al Al 1, A3, A3 7/60 | 1/60 112 | 1/60
(XM xSy g2 = (x M x fy Sy )
Al 5 Al 5 Al 5 Al U5 | 115 115 | 1/15
(M xgtxtx )
Al o Al 3 A2 5 A2\ _ [ Al 5 Al 4 A3 5 A3 110 | 130 | w6 | -1/30
(XM x gt x 2 x g% = (x Mt a B x 4E)
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Parameters used for simulation of polarization dependent 2D IR absorptive spectra and linear FTIR spectra of
DGdm™* in D,0 and 59%D-glycerol/D50.

Parameters Solvent
D,0 59% D-glycerol/D,0

o, cmt 1593.0 1588.0
oy cmt 1603.7 1602.3
Aq, cmt 25 18+1
Ay cmt 25 11+1
Ae, cmt 5+1 5+1
Dy, Dy, *10710s71 3.3 0.33
W/t 1 0.905
Kty PSL 0.53 0.71
(Bwi(1)3wi(0)) 7, pst 0.84 051

A, pst 2.0+0.4 1.4540.15

T, pS 1.13+0.88 1.5+0.5
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