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The correlation between the water and N-methvlacetamide (NMA) intramolecular vibrational frequencies and
the hvdrogen-bond length in a variety of NMA-H-0 and NMA-D-O complexes was investigated by carrving
out ab initio calculations. As the hvdrogen-bond length decreases, the frequencies of bending and stretching
modes of the hvdrogen-bonding water increases and decreases. respectively. and the amide [ and II (III) mode
frequencies of the NMA decreases and increases, respectively. [n this paper. correlation maps among the amide
(L. 11, and II1) modes of NMA and three intramolecular water modes are thus established, which in tum can be

used as guidelines for interpreting two-dimensional vibrational spectra of aqueous NMA solutions.
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Introduction

The amide I infrared band has been extensively studied
because its location and shape can provide useful infor-
mation on secondary structures of polvpeptides and pro-
teins.”"'® In addition to conventional IR absorption and
Raman scattering spectroscopies, a variety of multidinen-
sional vibrational spectroscopies involving multiple IR and
Raman transitions have been theoretically suggested and
experimentally applied to a variety of molecular svstems.'”*
Hochstrasser and coworkers and Hamm and coworkers
recently showed that the two-dimensional IR photon echo
and pump-probe methods are particularly useful in studving
vibrational couplings among different local amide [ modes
in short polypeptides, and suggested that these IR analogues
of multidimensional nuclear magnetic resonance spectros-
copy will be of critical use in determining 3D structure and
dvnamics of polvpeptides in solution, ¥#43%

In addition to these current research interests on the amide
I mode dvnamics of polypeptides, Cho recently proposed
that a 2D vibrational spectroscopy can be of use in studying
hvdrogen-bonding dvnamics in aqueous solution.* Since the
2D wibrational spectroscopies require at least doubly vi-
brationally resonant excitations.”>* the two external field
frequencies, wlich can be either IR field frequency or the
Raman transition frequency depending on the 2D vibrational
spectroscopic technique used. ought to be expenimentally
controlled to be simultaneously resonant both with a partic-
ular vibrational transition of the solute and with that of the
H-bonding water molecule.*

In order to studv H-bond dvnamics in the time domain,

"Corresponding author. E-mail: meho@korea.ac ke

Gale er al. used femtosecond IR pump-probe method to
directly investigate the dynamics of H-bonds in liquid water.**
Also, Nienhuys er ol. carmied out a similar experiment for
HDO : D-O solution.’! Noting that the OH stretching mode
frequency 1s sensitively dependent on the H-bond length, as
found by Mikenda.™ they were able to measure solvato-
chromic shift revealing real time dynamics of the H-bonds in
liquid water. Recently. Woutersen er @/, used an IR pump-
probe method to measure the H-bond hfetime in NMA-
methanol solution.”* They measured time-dependent 2D
spectra of the amide [ mode and estimated the lifetime of
each H-bond to be about 12 picoseconds.

Instead of “photographing” the amide I band of the NMA.
one can measure time-dependent solvatochromic shift of the
mtramolecular vibrational modes of waters H-bonded to the
solute NMA. An alternative way to study real-time hydro-
gen-bond dynamics would be to record the tume-dependent
fully two-color 2D vibrational spectra, where the 2D cross
peak between a given water mode, such as OH stretch or
bending, and one of the NMA modes. such as amide [, I1. or
III modes. 1s measured. Nevertheless. current laser technol-
ogy does not allow performing such a 2D wibrational
spectroscopic  measurement vet due to hmitations of
scanning in the entire IR frequency range. However, in order
to provide a guideline for future 2D vibrational spectros-
copic mvestigations of hydrogen-bonding dynamics of
polypeptides dissolved m liquid water. we carried out
quantum chemical calculation studies to elucidate correlation
between the ntramolecular vibrational frequencies of water
molecule and the H-bond strength i various NMA-H:O and
NMA-D:Q complexes.
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Figure 1. The three hyvdrogen-bonding sites A, B, and C are
depicted in this figure.

Ab Initio Calculation Results for NMA-H;O and NMA-
D;0 Complexes with Varying Intermolecular Distance

Although there already exist a number of literatures on ab
initio studies of NMA-water complexes.™ most of the
previous works concemed about H-bond energies. optimized
stuctures. and amide I mode frequency. Guo and Karplus
showed that a single NMA molecule has three H-bonding
sites (denoted as A. B. and C) as shown in Figure 1.™ Using
the Gaussian 98 program ' we obtained the optimized geom-
etry of NMA-H-O(A) complex at the RHF/6-311++G**
level. where the H-bond distance ra (see Fig. 1) is found to
be 197835 A Then. the distance 7 is deliberately increased
with the relative orientations between the two molecules
fixed. For each configuration with the constraint stated
above. geometry optimization and vibrational analysis are
performed. Ab initio calculated vibrational frequencies are
scaled by multiplving 0.8929 — although the scaled quantum
mechanics. which is to use different scaling factors for each
internal coordinate to properly re-scale the normal mode
frequencies. has been used. we will invoke a single scaling
factor approximation throughout this paper. Similarly. for
the other two sites B and C. we carried out the same series of
ab initio calculations. Also. the same calculations are
performed for NMA-D-O complexes.

When an NMA-H-O (or NMA-D-0) complex is formed.
the H-bonded H-O (D-0) molecule does not belong to the
(-, point group any more. However. on the basis of eigen-
vector element analyses for all the NMA-H-O and NMA-
D~O complexes. the three water vibrational modes are highly
localized in H-O (D-0). Therefore. we will still use terms,
“bending”. “*symmetric OH (OD) stretching™. and “asymmetric
OH (OD) stretching™. to refer to the corresponding three
normal modes of NMA-H-O (NMA-D-0O) complex. However.
it should be mentioned that. as the number 7 of surrounding
water molecules increases. the normal modes of NMA-
nH:0 clusters™ should be described as collective vibrations
of involved water molecules. In the present paper. however.
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Figure 2. The water bending and two OH stretching mode
frequencies are plotted with respect to the hyvdrogen-bond length,
when a single water molecule 1s attached to one of the three H-
bonding sites.

we will focus on the cases of n=1.

A. Water bending mode in NMA-H;0 and NMA-D,0.
Ab initio calculated H-O and D-O bending mode frequencies
as a function of #. #p. and rc are plotted in Figure 2(a). As #
decreases. the H-bond strength increases and the water
bending mode frequency Vi increases. Frequency shifts of
the water bending mode for the three sites. A. B. and C. are
estimated to be 36. 36, and 17 cm™, respectively. for NMA-
H-0 and are 22. 23, and 13 cm™. respectively. for NMA-
D-0. Note that the bending mode frequency of the water
molecule H-bonded to the two sites A or B is strongly blue-
shifted in comparison to that to the site C. Typically. the H-
bond strength (or energy) of the site C is about two third of
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Table 1. Fitting parameters using Eqgs. (1), (2), and (3) for the
bending mode, symmetric O-H stretching mode, and asvmmetric
O-H stretching mode trequencies, respectively, tor NMA-H-O
(NMA-D-0O) complexes

Mode Site 4l Y UE %
Bending A 18.38 0.542 17.07 202
(12.06)  (0.503)  (9.948) (1.970)
B 17.37 0.490 18.51 1.53
(1349)  (0515)  (9.060) (1.727)
C 7.930 0.426 3.040 1.99
(6.709)  (0.4122)  (6.44)y  (1.902)
Svmumetric A 27.96 1.07 67.59 4.07
Stretching (17.09)  (L031) (4192) (4273)
B 27.57 1.100 53.99 4.22
(16.38)  (1.048) (34.00) (4413)
C 2773 0.380 3.084 211
(2.372) (0.832) (1467) (3.367)
Asvmmetric A 2433 0.789 0 -
Stretching (1223) (0547  (1474)  (1.994)
B 2349 0.746 0 -
(15.85) (0.63%) (9.57%) (2.555)
C 4.906 0.343 2.539 2.16
(3.263) (04d6l) (1462) (3.683)

that at the site A or B.** Due to this relatively weak H-
bond strength. the perturbation by the NMA onto the water
bending mode is comparatively smaller for the site C than
those for the sites A and B. The six data sets are very well
fitted by the following double exponentially decaying
function.

Ve = i’:‘: Ty exp{-n{r—ry)} s exp{-Y(r—ry)}.
H

where the gas-phase value v, is found to be 1542 cm™. The
optimum H-bond distances. either C=0...HOH (DOD) or
N-H...OH; (ODx), denoted as r.. are 1.9785, 1.9836, and
2.1682 A. for the sites A. B, and C. respectively. Fitting
results for 1; and ¥ (for 7 = 1, 2) are summanzed in Table ]
for the NMA-H:O and NMA-D:O complexes, and fitted
curves are shown in Figures 2(a) and 3(a). respectively. In
Figure 4(a), the IR intensity. which 1s a square of the
transition dipole moment. of the water bending mode is
plotted (the dimension of the IR intensity calculated with the
Gaussian 98 15 kilometer/mole). The r-dependencies of the
bending mode intensities for both NMA-H-O and NMA-
D:0O are almost similar to each other. but the bending mode
IR intensity of H-O is about twice of that of D-O.

B. Water symmetric stretching mode. The svmmetric
O-H stretching mode frequencies for the three cases are
plotted in Figure 2(b). and are fitted with the following
function,

Voo = Vis + M1 = expl-H(r—r)}]
+ [l —exp{-ta(r-r)}]. 2)
where V.. are found to be 3603.1. 3617.1. and 3692.9 om™
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Figure 3. "T'he bending and two OD stretching mode frequencies of
NMA-D>O complexes are plotted with respect to the hydrogen-
bond length.

for the sites A. B. and C of NMA-H-O system. respectively.
and are 2607.6. 2616.3. and 26622 ¢m™'. respectively. for
the three sites of NMA-D-O system. Frequency shifts of the
symmetric O-H (O-D) stretching mode are 96 (39). 82 (30).
and 5.8 (4.0) cm™ . respectively. In contrast to the bending
mode. the symmetric stretching mode frequency is strongly
red-shifted as the water molecule approaches to the NMA.
This means that. as # decreases. effective reduced mass of
the stretching mode increases and the O-H bond strength
weakens a bit. Also. it is noted that the symmetric O-H
stretching mode of the water molecule at the site C is just
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Figure 4. The IR intensities of the water bending, symmetric OH (OD) stretching, and asymmetric OH (OD) stretching, NMA amide I 11,
and III modes are plotted with respect to the H-bond length for the six cases of NMA-H>O and NMA-D;O complexes.

slightly red-shifted. whereas the symmetric O-H stretch
frequency shifts of waters at the sites A and B are notably
large even in comparison to other vibrational degrees of
freedom. It is also interesting to note that V., of H-O at the
sites A and B is a very quickly varving function of the
intermolecular distance. Therefore. the symmetric stretching
mode can be a good probe for H-bond dynamics when the
two-color IR pump-probe or photon echo methods are
emploved to investigate the short-time H-bond dvnamics of
aqueous polypeptide solutions. In Fig.4(b). the IR intensity
of the symmetric O-H (O-D) stretching mode is plotted. It is
interesting to note that (1) the symmetric O-H(D) stretching
mode intensity increases dramatically as the water molecule
forms a H-bond to NMA and (2) it is a quickly varying
function of r similar to @, .

C. Water asymmetric stretching mode. The asymmetric
O-H (O-D) stretching mode frequencies for the three cases
are plotted in Figure 2(c). (3(c)). The fitting function used is

'{"as = '{"Ijs + 7?1[1 - e-‘ip{—%(" - f'g)}]
+ N[l - exp{-p{r—ry)}]. 3

where i/?,,- values for the three sites A. B. and C of NMA-
H-O (D-0) are 3765 (2751.8). 37659 (2753.3). and 37823
(2773.6) em™'. respectively. Frequency shifts for the three
cases are 24.6 (27.0). 23.8 (25.4). and 7.2 (4.7) cm™". respec-
tively. These values are comparatively smaller than those of
svmunetric stretching modes. The asymmetric stretching
mode is a relatively slowly varying function of the H-bond
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distance. in comparison to the symmetric stretching mode.
In Figure 4(c). the IR intensity of the asymmetric O-H (O-D)
stretching mode is plotted.

D. Amide I mode of NMA in NMA-H,O and NMA-
D:;0. The amide I mode of a peptide bond is an out-of-phase
combination of largely C=0 stretching and CN stretching.
In Ref. [39]. we presented a detailed discussion on the
hydration effect on the amide [ mode frequency. Never-
theless. we didn’t attempt to make a fit with the following
function.

V=V (- exp{-N(r-r)})
+ (L = expl-1(r—r)}). )

to the r-dependent amide I mode frequency of NMA-H-O
and NMA-D-O systems (see Fig. 3(a)). Here. v; values for
the three sites A. B. and C of NMA-H-0 (D-0O) are 1682.1
(1681.4). 168435 (16842). and 16973 (1696.6) cm™,
respectively. Frequency shift magnitudes for the three cases
are 25.2(25.5). 228 (22.7). and 10 (10.1) cm™’_ respectively.
It should be noted that the amide [ mode frequency does not
change much when H-O is replaced with D-O. This relative
insensitivity of the NMA normal modes will be shown for
other cases below. In Figure 4(d). the IR intensity of the
amide [ mode is plotted. As the intermolecular distance
between NMA and water molecules decreases. the amide [
IR intensity increases. As discussed in Ref. [59] in detail. the
electrostatic interaction of the NMA with the partial changes
of the water molecule induces an electronic structure change
of the NMA. which in turn affects to the molecular struchure
of the NMA. As a H-O molecule approaches to the carbonyl
group to form a H-bond. the electronic structure of the NMA
changes more toward the charge-transfer configuration so
that the C=0 bond length of the NMA increases and af the
same time the amide I mode force constant decreases (the
two resonance structures are shown below).

=0

S
N /c,H3 C Clly

H;C N -—

|-|| Q15> [LITE

(zwittertonic) charge-transter
configuration

(neutraly valence-bond
configuration

Denoting 8Q; as the amide J coordinate displacement
induced by the electrostatic NMA-water inferaction. we
found that the transition dipole moment is approximately
proportional to the extent of the structural distortion !

)= Gl E@)le

Here. (du,/ 90, » is the transition dipole moment of the
gas-phase NMA. and (JC,/dQ;), and r, are the transition
charge and position vector of the NMA ¢ site. respectively.
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Figure 5. The NMA amide I, II, and III mode frequencies are
plotted with respect to the H-bond length for the three cases of
NMA-H>O. Those of NMA-D;O are quantitatively similar to the
cases of NMA-HO.

As discussed in Ref [39). 80 can be assumed to be
proportional fo the C=0 bond length displacement.
SdeA=dyp— dog). as 80, o 8d,., so that the transition
dipole moment of the NMA-water complex is predicted to
be linearly proportional to &dco. In Figure 6. |(Ju, f&Q,)n|
(in (Km/mole)') is plotted with respect to the ab initio
calculated Sdo. Although |(Ju,/dQ,)| values for the three
different sites deviate from the linear line. the overall trends
are successfully described by the above theoretical model.
E. Amide II mode. The amide II mode of peptide bond.
which is an out-of-phase combination of largely NH in-plane
bending and CN stretching.® has been paid some attention.
though the amide I and III modes were found to be strongly



1066 Bulfl Keorean Chem. Soc. 2003, Vol. 24, No. 8

Table 2. Fitting parameters using Eqgs.(4), (7), and (8) for the amide
I, I, and Il mode frequencies of NMA-H:0 (NMA-D;O) complexes

Mode Site m b M ¥
Amide | A 8.374 0.42365 16.83 1216
(5.843) (0.30383) (1970 (1.137)
B 8234 046215 14.59 1.241
(5.298) (0.3455) (1740) (1.072)
C 7.265 0.43386 2.688 2.382
(7.50)  (044662) (2.569) (3.270)
Amide IT A 5.339 1.27578 2.338 0.387
B 5.348 1.63839 3.689 0.487
C 15.35 2.07248 8.327 0.504
Anude IIT A 8219 1.13309 2.891 0403
B 0089 1.64296 4,329 0497
C 9.919 1.77644 6411 0462

dependent on secondary struchures of polypeptides. For
those NMA-H:0 (A. B. or C) complexes with varving 7. the
amide Il mode frequencies are calculated and summarized in
Figure 5(b). The fitting function used in this case is

Vir= Vi + hoexpi-n(r—r)) + naexp{-y{r—ry}.

(N

where V7 is found to be 1507.7 cm™". The amplitudes and
decay constants of the two exponential components are
summarized in Table 2. Unlike the case of amide [ mode. the
hydrogen-bond of a water molecule to the site C induces
comparatively large frequency shift of the amide II mode
frequency. This can be understood by noting that the amide
1T vibration involves largely NH in-plane bending so that the
hydrogen-bonded water molecule to the site C greatly
perturbs the NH in-plane bending vibration. Frequency shift
magnitude is about 24 ¢m™ . Although not presented in this
paper. the deuterium isotope effect on the amide II mode
frequency of NMA-D-O is very small. In Figure 4(e). the [R
intensity of the amide II mode is plotted.

F. Amide III mode. The amide 1II mode is an in-phase
combination of NH in-plane bending and CN stretching
vibrations.® The fitting function used is
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Figure 6. The amide I IR transition dipole moment of NMA-H;O
(A, B, and C) are plotted with respect to 8deo (in A).

Joo-Hee Kim and Minhaeng Cho

Vi = i'?u + 17y exp{-N{r-ry}} + . exp{-1(r-ry)} .

@®)

where Vyy; is found to be 1238 cm™. The fitting results are
summarized in Table 2 and Figure 3(c). Note that. in
comparison to the amide II mode. the frequency of the amide
[IT mode does not change much as a single water molecule
makes a H-bond to one of the three sites. The deuterium
isotope effect on amide II mode frequency of NMA-D-O is
also found to be very small. In Figure 4(f). the amide III

mode intensity is plotted.

G. Correlation between water mode frequencies and
NMA amide I mode frequency. Because of the electrostatic
field perturbation by the solvated water molecules. the
electronic and molecular structures of the NMA change.
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which in tum modifies the potential energy surfaces of
various peptide vibrational modes. Now. from the standpoint
of the water molecule in the NMA-H-O svystem. NMA is the
solvent molecule perturbing the electronic and molecular
stuctures of the water. Therefore. one can infer that there
should be a strong correlation between the NMA modes and
water modes. In Figures 7. the bending and two stretching
mode frequencies are plotted with respect to the amide I
mode frequency. The frequency of the water bending mode.
which was found to be strongly coupled to the amide I mode
because of the small frequency difference between the two.
is observed to be almost linearly proportional to that of the
amide [ mode. On the other hand. the svmmetric and
asymmetric stretching mode frequencies are nonlinearly
correlated with the amide I mode frequency.

Two-Dimensional Vibrational Spectroscopic
Implications

Two-dimensional vibrational spectroscopy. such as IR-IR-
Vis FWM, #3485 involves doubly vibrationally resonant
processes. Let’s consider the IR-IR-Vis sum-frequency-
generation (IIV-SFG) process.> In the frequency domain,
the corresponding third-order susceptibility can be approxi-
mately written as. in the doubly vibrationally resonant limit.

X(GJI. (0:. (0«\) o<

Ajk(Rpep‘ Rwa.') (9)
{o - +iT Mo+ o, - -/ +il,)}

where the first two IR and visible field frequencies are
denoted as @. @ and ¢x. respectively. @ *(R,,,. R,.,)

werl s

(forj=11 Il etc)and @, (R,,,. R, ;) (fork=b. ss as)
are the jth and 4th mode frequencies of NMA and water.
respectively. R, , and R, are coordinates specifying the
orientations and locations of the peptide and water mole-
cules. respectively. ['; and [, are vibrational dephasing
constants. The phase-matched [IV-SFG field frequency is o
+ @ + @ The proportionality constant 4 (R, .. R, ;)
determining the corresponding cross peak intensity is given
by a product of transition dipole and transition polarizability
matrix elements and is also determined by the magnitudes of
electric and mechanical anharmonicities of the peptide-water
complex. ™ Noting that only those water molecules strongly
interacting with the peptide can have nonzero vibrational
coupling. ie. A (R,,, R, ) #0. the above two-dimen-
sional vibrational spectroscopic method can be used to
selectively study the H-bond effects on the intermolecular
vibrational inferaction between NMA and water molecules.
Since. in the present paper. the correlation between amide
mode frequencies and water mode frequencies was eluci-
dated. the location of the cross peak and the intermolecular-
distance-dependent amplitude. 4, (R,,,. R,,). " could
provide direct information on the hydrogen-bond structure
of water molecules around the peptide.

Another type of 2D vibrational spectroscopy that has been
used widely is a two-color IR pump-probe. ™! Tuning the
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pump field frequency to be resonant with one of the amide
mode fransitions as well as controlling the probe field
frequency being resonant with one of the three water mode
transitions. one can measure time~lependent evolution of the
H-bond dynamics by using the relationships discussed in this
paper. In this regard. the symmetric OH stretching mode of
water molecules H-bonded to the NMA sites A and B can be
the primary target for this type of experiment measuring
equilibrium and/or non-equilibrium H-bond structures.
because @, and its IR intensity were found to be a quickly
varying finction of the intermolecular distance.

Summary

We presented ab initio calculation results on the interplay
of water and NMA intramolecular vibrational properties and
H-bond strength. The frequencies of bending. symmetric
stretching. and asymmetric stretching modes of H-bonded
water molecules were investigated and were found to be
sensitively dependent on the hydrogen-bond strength. Also.
the amide 1. I and III mode frequencies of NMA-H-O and
NMA-D-O complexes were calculated as a function of the
intermolecular distance between the NMA and H-O (D-0).
Particularly. the symmetric OH stretching mode was
observed to be the most sensitive probe for the H-bond
structure. The correlation between the NMA amide [ mode
frequency and water mode frequencies was established.
which in trn can be used to measure hyvdrogen-bond
structure of peptides in aqueous solution by emploving a
variety of 2-D vibrational spectroscopies.
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