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Ultrafast infrared-Raman spectroscopy is used to study vibrational energy dynamics of three molecules in
aqueous solution (D,0) that serve as models for the building blocks of peptides. These are glycine-d; zwitterion
(GLY), N-methylacetamide-d (NMA), and benzoate anion (BZ). GLY is the simplest amino acid, NMA a
model compound with a peptide bond, and BZ a model for aromatic side chains. An ultrashort IR pulse
pumps a parent CH-stretch on each solute. Anti-Stokes Raman monitors energy flow through the solutes’
strongly Raman-active transitions. Stokes Raman of D,O stretching functions as a molecular thermometer to
monitor energy dissipation from solute to solvent. A three-stage model is used to summarize the vibrational
energy redistribution process and to provide a framework for discussing energy dynamics of different molecules.
The initial CH-stretch excitation is found to be delocalized over some or all of the solute molecule in NMA
and BZ but not in GLY. The overall time constants for energy dissipation are 7.2 ps for GLY, 4.9 ps for
NMA, and 8.0 ps for BZ. CH-stretch energy in GLY is redistributed in a nearly statistical manner among
observed GLY vibrations. In NMA the energy is distributed among about one-half of the observed vibrations,
and in BZ much of the observed energy is channeled along a CH-stretch to the ring stretch pathway. The
strongly Raman-active vibrations accurately represent the flow of vibrational energy through NMA but not

through GLY or BZ.

1. Introduction

In this study we discuss a “bottom-up” approach to the
problem of vibrational energy in proteins via a detailed study
of the simpler building blocks. The ultrafast infrared-Raman
(IR-Raman) technique'? was used to investigate vibrational
energy flow of three biologically relevant molecules in aqueous
(D,0) solution: glycine (GLY), the simplest amino acid in the
form glycine-d; zwitterion; N-methylacetamide-d (NMA), a
model compound with a peptide bond; benzoate anion (BZ), a
model for peptide aromatic side chains. In these IR-Raman
measurements, a CH-stretch transition was pumped by a short-
duration IR pulse, and a time series of anti-Stokes Raman spectra
were acquired to measure the time-dependent populations of
the parent excitation and the daughter excitations created by
parent vibrational relaxation (VR). The vibrational cooling (VC)
process is monitored by observing the Raman spectrum of the
aqueous medium,>* which functions as a molecular thermometer.>~’
In the VC process studied here, a solution initially at temperature
T; is pumped by an IR pulse that excites solute molecules but
not solvent molecules. As the solute molecules lose their excess
vibrational energy to the surroundings, the solution comes to
equilibrium at a temperature 7t a few K above T;.

Most prior studies of vibrational energy in proteins have
utilized a “top-down” approach to energy dissipation mecha-
nisms which could be relevant to biological function such as
enzyme catalysis. Well-known examples include myoglobin,
hemoglobin, or cytochrome ¢ where heme has been electroni-
cally excited.” ' The excitation is converted to heme vibrational
energy in ~5 ps, and the heme cools by 20—40 ps energy
transfer through the protein into the aqueous medium.”~ '
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Heme cooling has been monitored using transient gratings,'®
resonance anti-Stokes Raman measurements of the heme,® 121718
ultraviolet resonance Raman measurements of the globin,
and IR absorption of the aqueous medium as a molecular
thermometer.” Experimental®® and theoretical'>**~%* studies have
suggested that energy can be funneled from a hot porphyrin,
through its side chains, into specific parts of the protein.

19-21

“Bottom-up” approaches to protein vibrational energy have
used IR pump—probe techniques to study the vibrational
relaxation of small ligands such as CO bound to the active sites
of heme proteins,> 2 or the peptide backbone? itself via the
amide 1 mode,” 3 which is predominantly a CO stretching
excitation.

Recently our group used IR-Raman to study glycine** in H,O
with a CH-stretch parent excitation at 2980 cm™!. The anti-
Stokes results were analyzed using a three-stage model for VC
discussed in detail below. The three stages were a 0.8 ps decay
of the parent, which populated both midrange and lower-energy
vibrations, a 1.0 ps relaxation of the midrange vibrations, and
a 1.2 ps relaxation of the lower-energy vibrations. The net
cooling process observed via water molecular thermometer was
described by a 1.8 ps time constant.

The interpretation of the glycine work and the present work
raises several important issues.

(1) What is the nature of the initial state? The IR pulse excites
a state which is nominally a CH-stretch excitation but is really
a “bright” state, i.e. a combination of eigenstates of the harmonic
Hamiltonian with a large transition dipole that has some CH-
stretch character. The bright state, or parent excitation, is
anharmonically coupled to tiers of lower-energy excitations that
become progressively more distant in state space.**3” Thus
vibrational transitions that we tend to view as local modes are
frequently delocalized over many atoms. This issue is germane
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to the emerging use of direct probes of protein vibrations®® by
isotope labeling, for instance using 2D IR techniques®!*%* to
probe CD-labeled amino acids or peptides.*'*> The IR-Raman
method provides a method to disentangle the nature of the initial
state and the time-dependent energy transfer processes that result
from successive tiers of anharmonic couplings.

2. How representative are the probed excitations? The IR-
Raman method is the best available technique for watching
vibrational energy flow in molecules, but with a very few
exceptions (water,* chloroform,* nitromethane*’) the Raman
probe sees only a portion of all molecular vibrations. The
molecules studied here, GLY, NMA, and BZ, have 10, 12, and
14 atoms, giving 24, 30, and 36 normal modes of vibration,
but in the most favorable case (NMA) we have the sensitivity
to probe only 9 of them. The molecules one studies might fall
into two classes. The observed vibrational energy might be
representative or nonrepresentative of the total molecular energy.
We will show here that we can accurately determine this for
the molecules studied. A representative molecule would be a
more useful and accurate probe of protein vibrational energy.

3. What language can be used to describe energy dissipation?
The VR process can be described by a master equation that
includes a matrix of state-to-state rate constants.*~*’ For glycine,
for instance, this would be a 24 x 24 matrix. Such a description
has been obtained for CHCIl; and CH;—CN, but it becomes
overly complex for larger molecules and does not promote a
cohesive intuitive picture. In addition it does not facilitate
discussions comparing two different molecules, solvent effects,
isotopic substitution, and so forth. For many years the “vibra-
tional cascade” was used to describe the cooling of vibronically
excited condensed-phase molecules.*® Vibrational cascade is a
good description for VR of high-lying vibrational states of
diatomic molecules in condensed phases. A molecule such as
XeF in solid Ar might be prepared in v = 20 and then cascade
down the ladder of lower v-states until cooled.* But with larger
polyatomic molecules, IR-Raman and hot fluorescence measure-
ments did not observe this type of successive-stepladder
descent,® because energy from the parent excitation tended to
randomize rather than descend a ladder. Recently our group has
introduced a three-stage model*** for VC of condensed-phase
molecules where the initial excitation has enough energy that
the primary decay pathway is intramolecular vibrational redis-
tribution (IVR).3** Studies of gas-phase molecules indicate this
occurs when the state density is in the 10°—103 states/cm™"
range, which ought to be the case for CH-stretching excitations
of molecules with 4—5 or more heavy (not H or D) atoms.>
The three-stage model, discussed in detail in the next section,
has been successfully used to describe VR of nitromethane®
and of glycine® in aqueous solution. In what follows we will
use this model to describe the VR of GLY, NMA, and BZ in
deuterated water and show that it is a consistent and useful
picture of vibrational energy flow in such systems.

2. Three-Stage Model for Vibrational Energy Flow

This model should prove useful for molecules the size of
biological building blocks such as amino acids, nucleic acids,
simple sugars, and so on. For the model to apply, the molecules
must be large enough that the parent excitation at ~3000 cm™!
decays via IVR. The model will not be useful for smaller
molecules, since the initial VR step would depend on fine details
of the intermolecular potential and would be difficult to predict
in advance.”® The model would also not be useful for much
larger molecules, say a peptide with many amino acids. The
model might well be a good description of VR occurring locally,

Fang et al.

stage 1 stage 2 stage 3

parent Tive

midrange{
~1500-

1000 cmr!

lower-
energy
<1000 cm'~

6 \\
AR

bath

Figure 1. Schematic of the three-stage model for vibrational cooling
(VC). Stage 1: A parent vibration P such as a CH-stretch is excited. P
is above the threshold for intramolecular vibrational redistribution
(IVR). IVR with lifetime 7yg populates many or perhaps all the lower
vibrations. Stage 2: the midrange tier M undergoes vibrational relaxation
(VR) with lifetime 7, by exciting lower-energy vibrations L plus
excitations of the bath, while the lower-energy tier undergoes VR with
time constant 7, (G denotes ground vibrational state) by exciting only
bath excitations. Stage 3: Lower-energy vibrations created in stage 2
undergo relaxation with time constant 7.

bath

but it would not describe the global energy transfer process since
the model posits that the initial IVR process redistributes the
parent excitation among many or most of the molecule’s
vibrations, whereas in a large molecule the initially excited CH-
stretch excitation would not couple very well to vibrations on
distant parts of the molecule.

In the model, which is depicted in Figure 1, we divide the
vibrations into three tiers: the parent P, the midrange levels M,
and the lower energy levels L. The bath consists of the lower-
energy continuum of collective excitations of the solute and
aqueous medium. The assignment of intermediate and lower-
energy levels is based on the work of Nitzan and Jortner.>! The
M vibrations are characterized as being mostly harmonic
excitations residing in an energy region with higher state density,
whereas the L vibrations are more anharmonic lower-energy
bending or deformation modes residing in an energy region of
lower state density. Typically the midrange vibrations of organic
molecules would be in the 1700—1200 cm ™! range and the lower
energy-vibrations below 1200 cm™!, but this is not always a
sharp distinction,*® depending for instance on how rigid is the
molecular framework. For simplicity, we assume that VR
process subsequent to parent decay can be described by two
rate constants, one for the M tier and one for the L tier. In other
words our model assumes that variations in the lifetimes of the
individual states in the M and L tiers are small. In the event
that one of the states in these tiers has a radically different
lifetime from the others, the model can be patched up by
including this state explicitly, but if there are too many of these
outlying states, it would probably be more worthwhile to use a
model that considers each state explicitly.

The first stage is relaxation of the excitation P produced by
laser pumping. The pumping rate is aJ(f), where a is the
absorption coefficient and J(¢) the time-dependent fluence
(photons m™2) of the IR pump pulse. Subsequent to thermal-
ization the net temperature jump AT = [ dtJ(t)o/C, where C is
the solution heat capacity.’ In practice the temperature jump
is spatially inhomogeneous in both longitudinal and transverse
directions, so we experimentally determine an effective spatially
averaged AT using data® from anti-Stokes transients at longer
times after a new equilibrium has been reached. Other vibrations
which contribute to the character of the bright state P will also
be pumped directly by the laser, and these states are described™ >’
as “coherently coupled” to P.
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We use the term “coherently coupled” states to describe
vibrational excitations that are coupled to the parent bright state
by an interaction [V[which is about equal to or greater than
(T»)~! where T, is the time constant for dephasing.>>*’ In order
to understand the effects of this coupling, consider the familiar
case of a 2:1 Fermi resonance of CH-stretch and bend. The laser
initially excites a state with mainly stretch character, but this
state evolves into a mixed stretch—bend state. This is a kind of
IVR process, but we prefer not to use the term “IVR” to avoid
confusion with the T relaxation which is also intramolecular.
When the time resolution is high, this time evolution usually
takes the form of damped quantum beats, which are well-known
in both vibronic spectroscopy®® and ultrafast IR spectroscopy.>
As discussed previously,® in our anti-Stokes experiments, IR
excitation is semiimpulsive, i.e. the pulse duration is long
compared to the vibrational period, comparable to 7, and shorter
than T, so we are probing vibrational populations in the parent
and coupled states averaged over a time period ~7, and not
resolving quantum beats. Ordinarily, in quantum beat measure-
ments, the probe pulse is sensitive to either the parent or the
coupled states, so as the population oscillates among them, the
signal intensity also oscillates. In anti-Stokes Raman the probe
situation is a bit different, because in anti-Stokes Raman where
the probe bandwidth is greater than the anharmonic coupling,
an overtone looks like a fundamental excitation with twice the
amplitude and a combination band appears as excitation of both
states.** For instance with the 2:1 Fermi resonance, we would
see a CH-stretch at ~3000 cm™! via the v = 1 — 0 transition
and a CH-bend at ~1500 cm™! via the v = 2 — 1 transition.
Thus in our anti-Stokes Raman experiments, “coherent coupling”
is observed as instantaneous excitation of lower-energy vibra-
tions that can combine with other vibrations to produce states
near the parent energy. The parameters o' and o, which most
often are zero, characterize the rates at which M or L vibrations
respectively become excited by coherent coupling with IR
pumping of P.

After the initial excitation is prepared, the population in P
decays via I[IVR with time constant zyyg. This IVR process results
in little or no energy dissipated to the bath. Parent IVR excites
many midrange M and lower-energy L vibrations. In fact we
will provide evidence to show that IVR excites every observed
M and L vibration. However the M and L vibrations become
excited to different extents which depend on the detailed
intermolecular couplings. Let the subscript i denote vibrations
in the M tier and the subscript j vibrations in the L tier. Then
¢pyi is the quantum efficiency for IVR from P to mode i of the
M tier, and ¢py; is the quantum efficiency from P to mode j of
the L tier.

In the second stage, the excited M and L vibrations decay
but with different mechanisms. The M vibrations decay with
time constant 7,,, by exciting L vibrations plus the bath. The
lower-energy vibrations decay with time constant 7, (G denotes
vibrational ground state) by exciting the bath only. The quantum
efficiency for transfer from mode i of the midrange tier to mode
j of the lower-energy tier is ¢y, However, we do not
experimentally determine which specific M vibration excites a
specific L vibration, so we can measure only the net quantum
efficiency of transfer from all M modes to mode L;, Py Y ; Mi(1)
= 3 Gmiry Mi(1).

In the third stage there is no excitation left in either P or M.
The remaining L excitations decay into the bath with time
constant 7;5. In the model we assume all vibrations in the M
tier have the same lifetime 7,,, and all vibrations in the L tier
the same lifetime 7;5. We are saying lifetime variations within
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the M and L tiers are small, and if they are not, the model fails
and additional parameters must be introduced. Thus the VR
process is described by three global rate constants kyyr =
(tve) Y, ko = (ta) ! and kg = (t6) "

The three-stage model is summarized by the following set
of equations,

PO — — P = P+ ()
dM (1) ) ,
i k@ pasil P(6) = PN = Ky [M(5) — M + o J (1)
aLn

4 av@pylPO =P R z M0 = M7 -

kolL(D) — L +a” J(@1) (1)

In eqs 1, the superscript eq denotes thermal equilibrium
population at the final temperature 7;. Although we determine
the quantum efficiencies ¢pyi, Pprj» and ¢y directly, since we
do not detect many of the molecular vibrations we have found
it convenient to normalize the observed vibrational energy using
the conditions ) ¢py; + 3 ¢pr; = 1, and Y ¢y = 1. By way of
example, if we observe two M vibrations and one L vibration
having the same quantum efficiency for transfer, then ¢ = 0.33
for each vibration, even though a great deal of energy might
also be present in unobserved vibrations.

The three stages participate differently in the VC process.
The first stage is purely an IVR process, so little or no energy
is dissipated to the bath. The second M — L stage is responsible
for the smaller part of VC because the energies being dissipated
are the difference between the M and L energies. For instance
an M — L relaxation might involve a 1500 cm™! M vibration
which decays by exciting a 1000 cm™' L vibration plus 500
cm™! of bath excitation. The greater part of VC is the L — G
relaxation process, since all the energy of the L excitation is
converted into bath excitations.

An anti-Stokes transient is generated using both Stokes and
anti-Stokes data. First we subtract the ambient temperature signal
(obtained at a negative delay time when probe precedes pump)
and then we divide by the Stokes intensity. An anti-Stokes
transient represents the time-dependent change in vibrational
occupation number induced by a pump pulse. According to eq
1, the time dependence of an anti-Stokes transient can be thought
of as having three parts, a rise, a decay, and a longer-time
plateau. The rise provides information about how the vibration
was pumped. The rising edge is therefore the key to understand-
ing the flow of vibrational energy. The decay yields the
vibrational lifetime 7). This lifetime is proportional to the
amplitude of the Fourier component at the vibrational frequency
of the fluctuating forces exerted by the surroundings.®'®> The
plateau reflects the overall increase in excited vibrational
population due to the bulk temperature jump AT.

Equations 1 are complicated and contain many parameters.
In particular the rising edges of the transients are predicted to
be quite complicated. For instance the rising edges of the L
vibrations could potentially be triexponential, with a component
from direct laser pumping, from IVR and from M to L energy
transfer. Our signal-to-noise ratio is not sufficient to resolve
such a complicated function. However, in practice it is not
difficult to evaluate the anti-Stokes transients and determine the
parameters in eqs 1 using the following systematic method,
which is performed in an iterative, self-consistent fashion.

(1) We first determine the laser apparatus time response
function using nonlinear light scattering from water or D,0.
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The laser response f{t) is a good fit to a Gaussian function with
fwhm of 1.4 ps. (2) The values P4, M4, and L are simply
the longer-time plateau values of each anti-Stokes transient.5?
(3) We fit the parent decay, with the nonlinear light scattering
contribution removed as described previously®*®*% with the
convolution of the laser response and an exponential function
to determine Tivr. Peq is close to zero and can be ignored. (4)
We find decay lifetimes 7, and 7, for the M and L tiers that
do a good job of fitting all the transients within each tier. (5)
We examine each L and M transient’s rising edge. Any rise
that demonstrates a component faster than 7y is identified as
being coherently coupled with the parent excitation and therefore
having a nonzero value of a' or a". (6) We fit the M transients
using the parameters determined above while varying the value
of ¢py for each transient. If a transient has a nonzero o that is
also included in the fit. VII. We fit the L transients by varying
the values of both ¢p; and ¢, for each transient. All the values
of o" were found to be zero, so this parameter was not used.
Since we need two quantum efficiencies to fit each L transient,
the values of ¢p;, and ¢, have the greatest experimental
uncertainties.

To summarize, after the apparatus response and AT are
determined, the Tiyr, Ty, and 7. lifetimes are extracted from
the decaying parts of the P, M, and L transients, respectively.
The risetimes of each M; transient are fit with one adjustable
parameter, ¢py;. The risetimes of each L; transient are fit with
two adjustable parameters, ¢p;; and ¢y Any transient that
demonstrates a rise too fast to be fit by these methods is deemed
to be coherently coupled with the parent, and an additional
coupling parameter a' or " is then included.

3. Experimental Section

A. Materials. D,O (99.9%-D) was purchased from Cam-
bridge Isotope Laboratories and used as received. Sodium
benzoate (99%) was purchased from Fluka and used as received.
N-methylacetamide (99%) was purchased from Aldrich and
recrystallized once. Glycine (99%) was purchased from Sigma-
Aldrich, recrystallized, and partially deuterated by isotope
exchange in D0, yielding ds-glycine. These three solids, GLY,
NMA, and BZ, were dissolved in D,O at a concentration of 2.0
M. In solution, GLY is present as the d3-glycine zwitterion,
ND;*—CH,—CO,”, NMA is present in the NMA-d form,
CH;—CO—ND—CHj; (a small amount of HOD impurity was
produced due to exchange between NMA and D,0), and BZ is
present as the benzoate anion, CcHsCO, .

B. Laser System. The 1 kHz laser apparatus for the
IR-Raman experiments has been described previously.®® A
schematic diagram is shown in Figure 2. A tunable mid-IR pulse
(~1.0 ps duration, 25 cm™! bandwidth, 200 um diameter, 10
uJ energy) pumped a recirculating liquid jet ~100 um thick
with a D,O solution of GLY, NMA, or BZ. The IR pulse was
tuned to CH-stretch absorptions at 2970 cm™! for GLY, 2950
cm™! for NMA, and 3050 cm™! for BZ. The temperature jump
AT was <10 K in each case. A time-delayed 532 nm probe
pulse (~1.0 ps duration, 25 cm™! bandwidth, 80 um diameter,
20 uJ energy) was used to generate Raman scattering, which
was detected with a multichannel spectrograph and CCD
detector over the —3800 to +3800 cm™! range. At each delay
time, a 3 min integration time was used.

C. Laser Apparatus Time Response. The laser apparatus
time response was measured using incoherent nonlinear light
scattering (NLS) from pure D,0 at the frequency IR + visible,
as described previously.>*¢” The time dependence of the NLS
signal was fit by a Gaussian function with fwhm 1.4 ps.%
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Figure 2. Schematic of laser apparatus for IR-Raman measurements.
SHG: second-harmonic generating crystal; OPA: optical parametric
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D. Anti-Stokes Raman Transients. Raman spectra were
obtained in pairs, a signal at the indicated positive time delay
and a background obtained at negative time delay (probe
precedes IR pump). The Stokes spectrum was monitored to
verify that the sample did not degrade during data acquisition.
Anti-Stokes signals were converted into occupation number as
follows. When the occupation number of a vibration of
frequency w is n, and the laser frequency is wy, the Stokes
intensity is

Iy Doy (0, — 0)(n, + 1)og 2)
and the anti-Stokes intensity is
Lis Doy (o, + w)’n,oq A3)

where the proportionality constant is the same in both cases,
and oy is the Raman cross-section at w;. When n, < 1, the
fraction of molecules in the excited-state is given by the fraction
= Ixs/Ist. This ratio was determined by correcting the detection
system spectral response with a calibrated blackbody source.

E. Molecular Thermometer. The Stokes spectrum of D,O
was used as a molecular thermometer. As water temperature is
increased from 7; to T¢, the Raman difference spectrum in the
OH-stretch or OD-stretch region demonstrate a characteristic
sigmoidal shape, including a dip near 2330 cm™! whose
amplitude increases with increasing temperature (cf. Figure 3
of ref 4). It is well-known this response originates from the
blueshift because of weakened hydrogen bonding at higher
temperature. The molecular thermometer effect was discussed
in detail in prior studies of water*®® and of GLY in water.*
The molecular thermometer employs temperature shifting of
ground vibrational state transitions. At shorter times there are
also vibrationally excited states created by the IR pump pulses,
so that ground-state depletion and excited-state absorption effects
are also present in the Stokes spectra.® Previously** we showed
how a singular-value decomposition (SVD) analysis could be
used to separate the Stokes spectra into an excited-state part
which we do not use and a ground-state (molecular thermometer)
part. We did not need to use this SVD method here. There is
little overlap between the parent CH-stretch pumped by the IR
pulses and the D,O stretching spectrum, so the effects of excited
states on the molecular thermometer spectrum was negligible.

We have also introduced an improvement to resolve a
problem with our earlier study of GLY in water.’* Because of
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Figure 3. Transient Raman data for glycine-d; zwitterion in D,O
(GLY) with v((CH,) excitation. The parent and five daughter vibrations
are seen in the anti-Stokes region (left). The response of the D,O
molecular thermometer is shown at right.

TABLE 1: Molecular Thermometer Parameters

sodium
D,O glycine NMAD BZ
pump wavenumber (cm™') 2950 2970 2950 3050
fraction of D,O excited 0.007 0.002 0.0036 0.0016
fraction of solute excited - 0.021 0.034 0.032
molecular thermometer rise (ps) 1.8 7.2 4.9 8.0
observed vibrational energy loss (ps) 0.8 2.6 5.1 3.6

the spectral overlap between the solute CH-stretch and the very
broad OH-stretch absorption of water, the IR pump pulse excited
not only the solute but also the aqueous solvent. In that case
part of the thermometer response resulted from VC of the solute,
but an additional faster part was created by direct solvent IR
pumping, so that the overall thermometer response appeared
faster than solute VC. In the present work we have eliminated
much of the solvent pumping effect by using D,0O, since there
is less spectral overlap between the solute CH-stretch transitions
and the solvent OD-stretch transition. The fraction of solute
excited, which is listed in Table 1, is now always at least 1
order of magnitude greater than solvent excited. In addition we
have developed a method for subtracting the remaining effects
of direct solvent pumping. This was done by first performing a
calibration experiment where the time-dependent thermometer
response Towen(?) of DO solvent was measured. In the
calibration experiment the fraction of D,O molecules pumped
by the laser was npyo and the thermometer response Tojvent(?)
resulted from direct OD-stretch pumping only. Then, using
GLY, NMA, or BZ solutions, we determined the fraction of
D,O molecules in solution n'pyo, and the fraction of solute
molecules noe, pumped by the IR pulse. We determined the
observed thermometer response T,,(#) and then computed the
thermometer response Ty u(f) due to solute alone,

”;320
Tsolute(t) = Tobs(t) - n Tsolvent(l) (4)
D20

4. Results

A. Glycine. Figures 3 and 4 show the GLY data. In the anti-
Stokes spectra in Figure 3 we see the parent vs(CH,) and five
of the daughter vibrations (in order of descending wavenumber),
1,(COO"), v,(COO™), p(CH,), »(CN) + »(CC), and p(ND;™").
The vibrational wavenumbers and assignments® are summarized
in Table 2. Figure 3 also shows Stokes data in the vop region
of the D,O solvent. By combining Stokes and anti-Stokes
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Figure 4. Anti-Stokes transients for glycine-d; in D,O with v((CH,)
excitation. The smooth curves are the fit to the three-stage model. The
dashed curve in a is the apparatus time response. The vertical lines in
b and d are visual guides. Part d shows the data in ¢ on an expanded
scale.

spectra, we find (Table 1) that the pump pulse excited 2.1% of
the GLY solute and 0.2% of the D,0O solvent. Figure 4 shows
the GLY anti-Stokes transients. The smooth curves are fits using
the three-stage model with parameters listed in Table 2. Figure
4a shows the parent v((CH,) transient, which gives 7yg =
1.8(£0.2) ps. Figure 4b shows the midrange vibrations p(CH,)
and v,(COO™) which have 7, = 1.9(£0.2) ps. We also saw
1,5(COO7), but because of its small oy it was difficult to get an
accurate anti-Stokes transient. However, as far as we can tell,
the lifetime and excitation fraction are close to what we see for
(COO"). Figures 4c and 4d show the two observed lower-
energy vibration transients, which rise slower than either the
parent or midrange vibrations and whose decays give 7, =
1.8(£0.2) ps. The quantum efficiencies extracted from these
transients are listed in Table 2. The errors on the quantum
efficiencies based on goodness of fit are £20% except for the
L — G efficiencies which, because of accumulations of errors,
are estimated at £30%.

B. NMA. The NMA-d data are shown in Figures 5—7. In
the anti-Stokes data in Figure 5, we see the parent v((CHj3) along
with eight daughter vibrations, in order of descending wave-
number, amide I', amide II', CCH; ab, NCHj5 ab, v((NC), amide
T, skeletal deformation, and amide I'V'. Prime designates amide
deuteration, and the vibrational assignments®'"*7! are given in
Table 2. Also in Figure 5 are the D,O molecular thermometer
data. The anti-Stokes transients are shown in Figure 6. The
parent decay in Figure 6a gives tyg = 1.2(£0.2) ps. The
observed midrange daughter transients are shown in Figure 6b.
Those decays gave 7y, = 1.7(£0.2) ps. The amide II' vibration
demonstrates a faster rise than the other M vibrations indicating
a degree of coherent coupling with the parent. The lower-energy
transients are shown in Figures 6¢ and 6d. Those decays gave
716 = 2.8(£0.3) ps. The quantum efficiencies used to fit the
data are listed in Table 2.

Figure 7 is a plot of the NMA anti-Stokes transients
normalized to the same peak height to facilitate analysis of the
rising edges. Keep in mind that any M or L vibration that is
excited solely by parent IVR will have a rising edge that tracks
the 1.2 ps parent lifetime. The amide II' vibration rises much
more quickly than this, which indicates that a substantial fraction
of the amide II' excitation is generated during the IR pump pulse.
Since these excitations are created on time scales comparable
to parent v{(CH3) dephasing, the main excitation mechanism is
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TABLE 2: Vibrational Assignments, Lifetimes, and Normalized Transfer Quantum Efficiencies®

glycine-d; in D,O NMA-d in D,O benzoate anion in D,O
quantum quantum quantum
efficiency, % efficiency, % efficiency, %
lifetime  assign- freq mid- lifetime assign- freq mid- lifetime assign-  freq mid-
T) (ps) ment® (cm™') parent range T;(ps) ment’” (cm™!) parent range 7T, (ps) ment’””> (cm!) parent range
parent 1.8(+0.2) v(CH,) 2965 1.2(£0.2) v(CH;) 2945 1.0(£0.2) v((CH) 3050
mid-  1.9(£0.2) 1, (CO0™) 1620 17 1.7(£0.2) amide I' 1620 5 2.5(£0.2) »(CC) 1589 43
range
v(COO™) 1412 18 amide II' 1490 17 v(COO™) 1383 20
p(CH,) 1323 33 CCH;ab 1435 18
lower 1.8(£0.2) w(CN)+ 966 17 50  2.8(£0.2) NCHysb 1192 11 0 27(£02) p(CH) 1136 8 21
v(CC) V4(NC) 1117 6 25 vy(phenyl) 1001 10 30
p(ND; ") 837 15 50 amide III' 975 3 40 Ooop(CH) 836 6 12
skel d 868 20 35 p(CCC) 625 13 37
amide IV' 627 20 0

? ye,s: symmetric, antisymmetric stretching; p: rocking; J: bending, ab: in-plane antisymmetric bend; sb: symmetric bend; oop: out-of-plane;

skel d: skeletal deformation.
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Figure 5. Transient Raman data for N-methylacetamide-d (NMA) in
D,0 with v(CHj3) excitation. The parent and eight daughter vibrations
are seen in the anti-Stokes region (left). The response of the D,O
molecular thermometer is shown at right.
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Figure 6. Anti-Stokes transients for N-methylacetamide-d (NMA) in
D,0 with v{(CH,) excitation. The smooth curves are the fit to the three-
stage model. The dashed curve in a is the apparatus time response.
The vertical lines in b and d are visual guides. Part d shows the data
in ¢ on an expanded scale.

the coherent coupling process described in Section 2. In our
model, this excitation mechanism is described by a nonzero
value of the a' parameter.

C. Benzoate Anion. The BZ data are shown in Figures 8
and 9. In the anti-Stokes data we observe the parent v((CH)
along with six daughter vibrations, in descending order v4(CC),
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Figure 7. Anti-Stokes transients for NMA-d in D,O with v((CH3;)
excitation, where each transient normalized to the same height to
facilitate comparisons. The smooth dashed and solid curves represent
the apparatus time response measured by nonlinear light scattering and
the parent decay with 77 = 1.2 ps, respectively.
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Figure 8. Transient Raman data for benzoate anion (BZ) in D,O with
v4(CH) excitation. The parent and five daughter vibrations are seen in
the anti-Stokes region (left). The response of the D,O molecular
thermometer is shown at right.

v(COO7), p(CH), vy(phenyl), d40,(CH), and p(CCC). The anti-
Stokes transients, vibrational assignments,”” and fits using
parameters in Table 2 are shown in Figure 9. The parent decay
in Figure 9a gives tiyg = 1.0(£0.2) ps. The midrange vibrations
in Figure 9b give 7y, = 2.5(£0.2) ps, and the lower-energy
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Figure 9. Anti-Stokes transients for benzoate anion (BZ) in D,O with
v(CH) excitation. The smooth curves are the fit to the three-stage
model. The dashed curve in a is the apparatus time response. The
vertical lines in b and d are visual guides. Part d shows the data in c
on an expanded scale.
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Figure 10. Molecular thermometer response. The molecular thermom-
eter uses Stokes spectroscopy of the OD-stretch region of D,O.
Hydrogen bond weakening causes the transition to blueshift. (a)
Response of pure D,O pumped at 2950 cm™! can be fit to an exponential
with a 1.8 ps time constant. The dashed curve is the laser apparatus
time response. (b—d) Thermometer data for NMA, GLY, and BZ after
CH-stretch pumping (squares). The circles represent the total amount
of vibrational energy observed via anti-Stokes probing of the solutes’
vibrational transitions. In NMA the observed energy is representative
of the solute cooling process detected by the thermometer response. In
GLY and BZ the observed energy decays faster than the thermometer
heats up, indicating energy is stored in a reservoir of unobserved
vibrations. The observed energy is not representative of the solute
cooling process for GLY and BZ.

vibrations in Figures 9¢ and 9d give 7,6 = 2.7(£0.3) ps. In
Figure 9b, the v((CC) vibration rises faster than the other
midrange vibration, indicating excitation via coherent coupling
to the parent. The quantum efficiencies used to fit the data are
listed in Table 2.

D. Molecular Thermometer. Figure 10 shows the molecular
thermometer data. If the thermometer response results from the
exponential decay of a single level, then the thermometer rise
will be a rising exponential. If the response results from the
accumulation of many individual level decay processes, each
an exponential in time, then the thermometer rise should
approach an error function.*® We fit the thermometer rise with
single-exponential functions, since the quality of the data does
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not justify a more sophisticated treatment. Figure 10a is the
result for pure D,0O. As shown in Table 1, the intrinsic response
of the D,O molecular thermometer, measured by pumping
»(OD) of pure D,O at 2950 cm™! with an excited-state
concentration of 0.7%, is characterized by 1.8 ps time constant.
This is just about what would be expected based on a vop
lifetime® of 1.4 ps and a thermalization time constant*”3~7¢ of
~(0.5 ps. When solutes were added, the fraction of ¥(OD) excited
by the IR pulse (shown in Table 1) decreased because of the
competition with solute absorption. The v»(OD) excitation
fraction and the 1.8 ps time dependence for pure D,O were used
to subtract the part of the thermometer response due to direct
1(OD) pumping. The resulting molecular thermometer responses
due to solute pumping alone are shown in Figures 10b—d. The
time constants for the molecular thermometer rises are given
in Table 1. The fastest vibrational cooling denoted by the
thermometer rise, 4.9 ps, was observed with NMA. With GLY
and BZ, the time constants for VC were 7.2 and 8.0 ps,
respectively.

E. Observed Vibrational Energy. Using the anti-Stokes data
in Figures 4, 6, and 8, we determined the time-dependence of
the observed vibrational energy using the formula,

#obs

EQ(="Y hvn ) (5)
i=1

The results were decaying curves for each solute that could
be reasonably fit to an exponential decay, as shown in Figures
10b—d. The time constants for energy loss in the observed
vibrations are listed in Table 1.

4. Discussion

In this section we discuss the nature of the initial state “CH-
stretch” prepared by the IR pulse in GLY, NMA, and BZ, the
details of vibrational energy flow revealed by anti-Stokes Raman
spectroscopy, and the energy dissipation process from the point
of view of the solute and solvent.

A. The Initial State. The IR pump pulse is tuned to a CH-
stretch transition. Since CH or CD stretching transitions have
been considered as probes of protein dynamics, the question
arises whether the excitation should be thought of as localized
on CH; (NMA), CH, (GLY), or CH (BZ), or whether it should
be viewed as delocalized over a larger part of the molecule.

In NMA, CH;—CO—ND—CHs, the parent 2945 cm™! v(CH3)
is an admixture of both methyl groups. The anti-Stokes data
provides evidence for coherent coupling with the 1490 cm™!
amide II" vibration. Amide II vibrations are usually viewed as
a mixture of NH-bend and CN-stretch character. Thus, this
parent excitation should be viewed as delocalized throughout
the entire molecule. In GLY, ND;t*—CH,—CO,", there is no
evidence for M or L vibrations that have much coherent coupling
with the parent 2965 cm™! v((CH,), so our measurements do
not support the idea that the parent methylene excitation extends
to the amine or carboxylate groups. In BZ, C¢Hs—CO, ", the
parent was the 3050 cm™! v(CH) stretch, which is delocalized
among all five CH subunits of the aromatic ring. The parent is
coherently coupled with the 1589 cm™! symmetric ring C—C
stretching mode, so the parent involves an admixture of phenyl
CH-stretch and CC-stretch character. Thus, in NMA and BZ,
the parent CH-stretch excitation should be viewed as reporting
perturbations to most, if not all, of the solute molecule.

B. Vibrational Energy Flow. 1. Glycine-d; Zwitterion.
Table 2 shows that in the initial 1.8 ps parent IVR process, the
transfer quantum efficiency is about the same for the five
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TABLE 3: Assignments,” Frequencies and Vibrational Relaxation Time Constants of Observed Raman Transitions of Glycine

Zwitterion in Water and D,0

hi-glycine zwitterion wavenumber (cm™!)  glycine-ds zwitterion wavenumber (cm™!)  hs-glycine time constants glycine-d; time constants

v(CH,) 2980 v((CH,)
1(CO0™) 1586 7,(CO0™)
¥(CO0") 1410 »(COO™)
p(CHy) 1313 p(CHy)
p(NH;") 1107 »(CN +v(CC)
»(CN) 1010 p(ND3")
»(CC) 887

¢ Taken from ref 69.

observed daughters except for the coherently coupled p(CH,)
which receives about twice as much energy. In the 1.9 ps M to
L step, the M energy is split about equally between the two
observed L vibrations. The L vibration relaxation occurs in 1.8
ps- Each of the three stages of VC occurs with a 1.8—1.9 ps
time constant. GLY is thus an example of a solute where the
parent energy is distributed among first- and second-tier daughter
vibrations in an approximately statistical manner. There is no
evidence for a single strongly dominant relaxation pathway.

As a result of our previous work® on glycine in H,0, we
can make a comparison between glycine in normal and heavy
water. This comparison illustrates the usefulness of the three
stage model. Instead of trying to compare detailed vibrational
parameters of similar or corresponding energy levels, we can
compare the time constants and relaxation mechanisms of the
three stages. As shown in Table 3, in water the three time
constants for GLY are noticeably faster. It is important to resist
the temptation to describe this as a solvent effect, because GLY
in HyO is not just a different solvent, it is a different molecule,
NH;*CH,—CO,™ as opposed to ND; CH,—CO,", and the
energy levels of hs-glycine are upshifted from glycine-ds; by
isotope mass effects. As shown in Table 3, the most significant
effect on the observed vibrations is the NH;"/NDs* rocking
mode, 1107 cm™! in water and 837 cm™! in D,0O. This rocking
vibration can be viewed as an M vibration in h;-glycine but an
L vibration in glycine-d;. We attribute the faster IVR in hs-
glycine to its higher-energy daughter vibrations, which facilitate
parent IVR. The faster M to L relaxation of hsz-glycine is
attributed to having more M vibrations available to dissipate
energy. The L to G relaxation, by contrast, is attributed to solvent
effects, since L vibrations relax directly to excitations of the
aqueous bath. This faster L to G relaxation in water might be a
consequence of better coupling between L vibrations and water
librons. In water the libron is centered near 700 cm™' with a
fwhm of ~300 cm™!, and in D,O the libron is centered near
540 cm™! with a fwhm of ~200 cm™!.7778

2. N-Methylacetamide-d. In NMA, during parent IVR only
a small fraction of the parent energy flows into amide I', v((NC),
or amide III' vibrations. During the M to L relaxation, practically
none of the midrange energy flows into NH; sb or amide IV’
vibrations. So NMA differs quite a bit from GLY in the sense
that the IVR and the M to L pathways are more specific.

The amide I' vibration of NMA, which is one of our M states,
has been studied by IR pump—probe and 2D IR methods by
several researchers,” 8! so to a degree a comparison can be
made to our IR-Raman measurements. The caveat is that in these
cited works, amide I' was pumped by a short IR pulse, whereas
in our experiments, amide I' was pumped by IVR from the
parent v((CH3). In magic-angle pump—probe measurements
(magic-angle measurements eliminate the rotational relaxation
contribution), biexponential decays were seen where the faster
part was reported to be 200 or 450 fs and the slower part 900

2965 T[VR=0.8(:|:0.2)pS TIVR=1.8(:EO.2)pS
1620

1412 T =1.0(£0.2)ps T =1.9(£0.2)ps
1323

966

837 16 =1.2(£0.3)ps 16 =1.8(£0.3)ps

fs or 4 ps. The faster part was interpreted as arising from
vibrational energy exchange among nearby states and the slower
part as loss of vibrational excitation {DeFlores, 2006 #2537;
Hamm, 1998 #523}. In our experiments we do not see this faster
part because the amide I' is pumped not by 100—200 fs duration
IR pulse but by the 1.2 ps decay of the parent P. The effects of
this redistribution process would appear in our model in the
¢py: quantum efficiencies. These efficiencies would reflect both
the efficiency of P — M, energy transfer and also any fast
redistribution among M, states. Our 1.7 ps time constant for
VR of the observed M states is consistent with the interpretation
of the slower part of the IR pump—probe data due to vibrational
energy loss from the M tier.

3. Benzoate. The most dramatic result of the BZ study is
the large difference in time scales for relaxation of phenyl
vibrational excitations in an aqueous medium versus neat
benzene.%* The BZ lifetimes are all in the 1—3 ps time range,
whereas in liquid benzene observed vibrational lifetimes are in
the 8—100 ps time range.®* Since vibrational lifetimes are
determined by fluctuating forces acting on excited vibrations,
the much shorter lifetimes in BZ should be attributed fluctuating
forces due to fluctuating charges and fluctuating hydrogen
bonding present in the water-anion system® but not in neat
benzene.

In the BZ IVR process, after a phenyl CH-stretch transition
is pumped, more of the parent energy is channeled to the M
vibrations than to the L vibrations, with the strongly coupled
1,(CC) vibration receiving nearly half of the observed excita-
tions. In the M to L stage, energy is about evenly distributed
among three of the lower-energy vibrations, but the fourth,
0oop(CH), receives noticeably less energy. Thus, the energy
relaxation pathways in BZ appear to be the most specific of the
three solutes studied here. The specificity of the VR pathways
is attributed to the more rigid and more symmetric phenyl ring
structure, as opposed to the low-symmetry flexible amino acid
or peptide backbone.

C. Vibrational Cooling. According to Table 1, the overall
time constant for thermalization of the parent vibration energy
is ~5 ps for NMA and ~8 ps for GLY and BZ. Thus, informed
speculation would suggest that energy deposited in the backbone
or in flexible side chains of polypeptides would be thermalized
in ~5 ps, and even energy deposited in rigid side chain structures
would thermalize within <10 ps.

Table 1 also shows that dissipation of the observed energy
in the strongly Raman-active vibrations of NMA is representa-
tive of the overall thermalization process monitored by the
molecular thermometer, in the sense that the two probes
demonstrates the same decay lifetime. However, the GLY and
BZ observed vibrational energy loss is about three time faster
than the thermalization. Thus, the strongly Raman-active NMA
vibrations do an excellent job of representing energy flow
through the solute, whereas the GLY and BZ vibrations do not.
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The GLY and BZ molecular thermometer response is slower
than the observed vibrational energy. This means there must
be at least one unobserved state that is releasing energy to the
surroundings more slowly than the Raman-active states we
observe. The representative versus nonrepresentative nature of
the observed NMA vibrations versus GLY and BZ might result
from the nature of specific vibrational pathways, but there might
be a simpler statistical explanation. NMA is the molecule where
we observe the largest number of vibrations, nine, compared to
five for GLY and six for BZ. The larger the number of observed
vibrations, the more likely the observed vibrational energy will
be representative of the entire molecule.

5. Summary and Conclusion

We used time-resolved Raman spectroscopy to monitor
vibrational energy flow through GLY, NMA, and BZ solutes
in an aqueous (D,0) solvent by probing vibrational energy of
the solute and by using the aqueous medium as a molecular
thermometer. The details of energy flow within the solute
vibrations was described using a three-stage model for VR. This
three-stage model did an excellent job of describing vibrational
energy in these three solutes and also in GLY in H,O studied
previously. The theoretical basis for the model suggests it will
be useful to describe vibrational energy in the common building
blocks of biological systems such as proteins (amino acids),
nucleic acids (nucleotides, sugars), and carbohydrates (sugars).
The utility of the model was demonstrated by showing how it
facilitated comparison of the VR processes of the three solutes
and a comparison of GLY in water and heavy water.

The dissipation of vibrational energy from the solutes
occurred with time constants ranging from 5 to 8 ps. Even the
rigid and highly symmetric phenyl group of BZ dissipated its
energy within 8 ps, much faster than one would expect based
on studies of liquid benzene. The VR process in GLY was
seemingly statistical, in that every vibration received about the
same fraction of the initial excitation. In NMA there were at
least two vibrations which received less energy than the others,
so the VR process was more specific than in GLY. In BZ the
relaxation was even more specific, with one channel, phenyl
CH-stretch to ring symmetric CC-stretch, dominating.

Although the parent excitations were created by pumping
“CH-stretch” transitions, Raman probing showed that the
excitations were in all three cases coherently coupled with states
at about one-half the energy, so that the CH-stretch involved
atomic motions over the entire molecule (NMA), over most of
the molecule (the GLY methylene and carboxylate) or over the
entire side chain (phenyl of BZ).

With Raman probing, we observe only vibrations with the
largest ogr. We have shown that in NMA, where we observe
the greatest number of vibrations (9 of 30 total), energy flow
through the observed vibrations is entirely representative of
energy in the molecule, but in GLY and BZ the loss of energy
in the observed vibrations was about three times slower than
the molecular dissipation process observed by the molecular
thermometer, so the observed GLY and BZ vibrations do not
accurately represent vibrational energy flow through the molecule.
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