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The correlation between the water and N-methylacetamide (NMA) intramolecular vibrational frequencies and
the hydrogen-bond length in a variety of NMA@and NMA-DO complexes was investigated by carrying

out ab initio calculations. As the hydrogen-bond length decreases, the frequencies of bending and stretching
modes of the hydrogen-bonding water increases and decreases, respectively, and the amide | and 11 (1ll) mode
frequencies of the NMA decreases and increases, respectively. In this paper, correlation maps among the amide
(1, I, and 111) modes of NMA and three intramolecular water modes are thus established, which in turn can be
used as guidelines for interpreting two-dimensional vibrational spectra of aqueous NMA solutions.
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Introduction Gale et al used femtosecond IR pump-probe method to
directly investigate the dynamics of H-bonds in liquid wit&r.

The amide | infrared band has been extensively studiedlso, Nienhuyset al. carried out a similar experiment for
because its location and shape can provide useful infoiHDO : DO solution3* Noting that the OH stretching mode
mation on secondary structures of polypeptides and prdrequency is sensitively dependent on the H-bond length, as
teins?® In addition to conventional IR absorption and found by Mikend&? they were able to measure solvato-
Raman scattering spectroscopies, a variety of multidimenehromic shift revealing real time dynamics of the H-bonds in
sional vibrational spectroscopies involving multiple IR andliquid water. Recently, Woutersast al. used an IR pump-
Raman transitions have been theoretically suggested amobe method to measure the H-bond lifetime in NMA-
experimentally applied to a variety of molecular syst€ffs.  methanol solutio® They measured time-dependent 2D
Hochstrasser and coworkers and Hamm and coworkerspectra of the amide | mode and estimated the lifetime of
recently showed that the two-dimensional IR photon echeach H-bond to be about 12 picoseconds.
and pump-probe methods are particularly useful in studying Instead of “photographing” the amide | band of the NMA,
vibrational couplings among different local amide | modesone can measure time-dependent solvatochromic shift of the
in short polypeptides, and suggested that these IR analoguegramolecular vibrational modes of waters H-bonded to the
of multidimensional nuclear magnetic resonance spectrosolute NMA. An alternative way to study real-time hydro-
copy will be of critical use in determining 3D structure andgen-bond dynamics would be to record the time-dependent
dynamics of polypeptides in solutidpf43-46 fully two-color 2D vibrational spectra, where the 2D cross

In addition to these current research interests on the amigeeak between a given water mode, such as OH stretch or
I mode dynamics of polypeptides, Cho recently proposedending, and one of the NMA modes, such as amide |, Il, or
that a 2D vibrational spectroscopy can be of use in studyingl modes, is measured. Nevertheless, current laser technol-
hydrogen-bonding dynamics in aqueous soluti@®ince the  ogy does not allow performing such a 2D vibrational
2D vibrational spectroscopies require at least doubly vispectroscopic measurement yet due to limitations of
brationally resonant excitatioR% the two external field scanning in the entire IR frequency range. However, in order
frequencies, which can be either IR field frequency or tha@o provide a guideline for future 2D vibrational spectros-
Raman transition frequency depending on the 2D vibrationatopic investigations of hydrogen-bonding dynamics of
spectroscopic technique used, ought to be experimentallgolypeptides dissolved in liquid water, we carried out
controlled to be simultaneously resonant both with a particquantum chemical calculation studies to elucidate correlation
ular vibrational transition of the solute and with that of thebetween the intramolecular vibrational frequencies of water
H-bonding water molecut&. molecule and the H-bond strength in various NM#AGHnd

In order to study H-bond dynamics in the time domain,NMA-D,0 complexes.
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Although there already exist a number of literatureaton ‘
initio studies of NMA-water complex&® most of the 36001 |
previous works concerned about H-bond energies, optimize 2 4 6 8 10 12
structures, and amide | mode frequency. Guo and Karplu r
showed that a single NMA molecule has three H-bonding 37954 (©)
sites (denoted as A, B, and C) as shown in FigifeJsing 5790 ]
the Gaussian 98 prograftwe obtained the optimized geom-
etry of NMA-H,O(A) complex at the RHF/6-311++G** 37851
level, where the H-bond distance (see Fig. 1) is found to 3780 )
be 1.9785 A. Then, the distanceis deliberately increased Qa o gi:eg
with the relative orientations between the two molecules =~ 37754 A S:;C
fixed. For each configuration with the constraint stated 3770 /
above, geometry optimization and vibrational analysis are
performed.Ab initio calculated vibrational frequencies are 37651
scaled by multiplying 0.8929 although the scaled quantum 3760
mechanics, which is to use different scaling factors for eac > 4 & 8 10 12
internal coordinate to properly re-scale the normal mode r

frequencies, has been used, we will invoke a single scalinFigure 2. The water bending and two OH stretching mode
factor approximation throughout this paper. Similarly, for frequencies are plotted with respect to the hydrogen-bond length,
the other two sites B and C, we carried out the same series when a single water molecule is attached to one of the three H-
ab initio calculations. Also, the same calculations arebonding sites.
performed for NMA-DRO complexes.

When an NMA-HO (or NMA-D;O) complex is formed, we will focus on the cases nf= 1.
the H-bonded KD (D-O) molecule does not belong to the A. Water bending mode in NMA-H,O and NMA-D20.
Cy, point group any more. However, on the basis of eigenAb initio calculated HO and DO bending mode frequencies
vector element analyses for all the NMA@ and NMA-  as a function of , rs, andrc are plotted in Figure 2(a). As
D.O complexes, the three water vibrational modes are highldecreases, the H-bond strength increases and the water
localized in HO (D.O). Therefore, we will still use terms, bending mode frequency,  increases. Frequency shifts of
“bending”, “symmetric OH (OD) stretching”, and “asymmetric the water bending mode for the three sites, A, B, and C, are
OH (OD) stretching”, to refer to the corresponding threeestimated to be 36, 36, and 17 &mespectively, for NMA-
normal modes of NMA-kD (NMA-D,0) complex. However, H,O and are 22, 23, and 13 ¢mrespectively, for NMA-
it should be mentioned that, as the numbef surrounding  D,O. Note that the bending mode frequency of the water
water molecules increases, the normal modes of NMAmolecule H-bonded to the two sites A or B is strongly blue-
nH,O cluster?’ should be described as collective vibrations shifted in comparison to that to the site C. Typically, the H-
of involved water molecules. In the present paper, howevehond strength (or energy) of the site C is about two third of
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'kl)'ablde_ 1 Fitt:jng paramett(_-:‘rsouaingtj thrs],_. ), (?j), an(ii (3) for thte_ 11609 | ()
enaing mode, symmetric O-H stretcning mode, and asymmetri "
O-H stgretching n);ode frequencies, resp?ectively, for NI\)IIZQH 1155 | NMA-D,O (bending mode)
(NMA-D20) complexes
Mode Site  m " n2 ¥ 11501 5 SteA
Bending A 18.58 0.542 17.07 2.02 o 11454 2 g:EZ(B:
(12.06) (0.505) (9.948) (1.970) e
B 17.37 0490 1851 153 11401
(13.49) (0.515) (9.060) (1.727) 1135 ]
C 7.930 0.426 3.040 1.99
(6.709) (0.4122) (6.440) (1.902) 1130
Symmetric A 27.96 1.07 67.59 4.07
Stretching (17.09) (1.031) (41.92) (4.273) 1125 A ) : : - e
B 27.57 1.100 53.99 4.22 7
(16.38) (1.048) (34.00) (4.413) (0)
C 2773 0380  3.084 211 2670 1 s
(2.572) (0.852) (1.467) (3.567) 2660
Asymmetric A 24.33 0.789 0 -
Stretching (12.23) (0.547) (14.74) (1.994) 2650
B 23.49 0.746 0 - O 2640 / = Site A
(15.85) (0.639) (9.579) (2.555) o o ggzg
C 4.906 0.345 2.539 2.16 2630 A
(3.263) (0.461) (1.462) (3.683)
2620
2610 1
that at the site A or B° Due to this relatively weak H-
bond strength, the perturbation by the NMA onto the wate! 2600 : a -
bending mode is comparatively smaller for the site C thai 7
those for the sites A and B. The six data sets are very we
fitted by the following double exponentially decaying 2780 1 . )
function,
2775 A
Vp = \78 + Ny exp{—yi(r —ro)} + Ny exp{—y(r —ry)}, 2770 -
1) o
-0 ) g 2765 A :
where the gas-phase valug  is found to be 1542 Gime > ‘ o SiteA
optimum H-bond distances, either C=0...HOH (DOD) or 2760 / ‘ 2 el
N-H...OH, (OD;), denoted aso, are 1.9785, 1.9836, and ;
2.1682 A, for the sites A, B, and C, respectively. Fitting 2755 1 / "
results forn; andy (fori= 1, 2) are summarized in Table 1 2750 ’ f
for the NMA-HO and NMA-DO complexes, and fitted . . . [

curves are shown in Figures 2(a) and 3(a), respectively. | 2 4 8 8 10 12

Figure 4(a), the IR intensity, which is a square of the r

transition dipole moment, of the water bending mode icFigure 3. The bending and two OD stretching mode frequendies o
plotted (the dimension of the IR intensity calculated with thesm’g"lzﬁgthcomp'exes are plotted with respect to the hydrogen-
Gaussian 98 is kilometer/mole). Thelependencies of the '

bending mode intensities for both NMA® and NMA- for the sites A, B, and C of NMA4® system, respectively,

D,0O are almost similar to each other, but the bending mode .
IR intensity of HO is about twice of that of . and are 2607.6, 2616.3, and 2662.2cmespectively, for

B. Water symmetric stretching mode The symmetric the three sites of NMA-ED system. Frequency shifts of the

; . symmetric O-H (O-D) stretching mode are 96 (59), 82 (50),
O-H stretching mode frequencies for the three cases ary h . )
plotted in Figure 2(b), and are fitted with the following and 5.8 (4.0) ci, respectively. In contrast to the bending

function mode, the symmetric stretching mode frequency is strongly
e red-shifted as the water molecule approaches to the NMA.

Vss = Vss+ N;[1— exp{ =y, (r —ry)}] This means that, asdecreases, effective reduced mass of
_ the stretching mode increases and the O-H bond strength

0 ¥ [l expl—yp(r =ro)}l, @) \Weakens a bit. Also, it is noted that the symmetric O-H
where Vss are found to be 3603.1, 3617.1, and 369279 cmstretching 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, I,
and 1l modes are plotted with respect to the H-bond length for the six cases of NMaRH NMA-DO complexes.

slightly red-shifted, whereas the symmetric O-H stretch C. Water asymmetric stretching mode The asymmetric
frequency shifts of waters at the sites A and B are notabl{p-H (O-D) stretching mode frequencies for the three cases
large even in comparison to other vibrational degrees oére plotted in Figure 2(c), (3(c)). The fitting function used is
freedom. It is also interesting to note thiat eOHt the
sites A and B is a very quickly varying function of the ~  _~0

intermolecular distance. Therefore, the symmetric stretching Vas = Vas + Mi[ 1= exp{—4(r —ro)}]

mode can be a good probe for H-bond dynamics when the + [ 1- exp{—y(r—rg)}], 3)
two-color IR pump-probe or photon echo methods are

employed to investigate the short-time H-bond dynamics ofvhere Vas values for the three sites A, B, and C of NMA-
aqueous polypeptide solutions. In Fig.4(b), the IR intensityH,O (D;O) are 3765 (2751.8), 3765.9 (2753.3), and 3782.3
of the symmetric O-H (O-D) stretching mode is plotted. It is(2773.6) cni, respectively. Frequency shifts for the three
interesting to note that (1) the symmetric O-H(D) stretchingcases are 24.6 (27.0), 23.8 (25.4), and 7.2 (4.7) cespec-
mode intensity increases dramatically as the water moleculively. These values are comparatively smaller than those of
forms a H-bond to NMA and (2) it is a quickly varying symmetric stretching modes. The asymmetric stretching
function ofr similar to e . mode is a relatively slowly varying function of the H-bond
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distance, in comparison to the symmetric stretching mode 1710 - (@)
In Figure 4(c), the IR intensity of the asymmetric O-H (O-D) s
stretching mode is plotted. 17057
D. Amide | mode of NMA in NMA-H >0 and NMA-
D20. The amide | mode of a peptide bond is an out-of-phas 17007
combination of largely C=0O stretching and CN stretching. £ 4505 | o Site A
In Ref. [59], we presented a detailed discussion on thh =~ O Site B
hydration effect on the amide | mode frequency. Never- 1690 - ~ SieC
theless, we didn't attempt to make a fit with the following
function, 16851 | 4
U=+ ny(1- expl—yi(r =ro)}) 1680 —
+1,(1=exp{—y,(r —ro)}), 4)
to ther-dependent amide | mode frequency of NMACH 1520 4 ®
and NMA-D,O systems (see Fig. 5(a)). Heig, values for |
the three sites A, B, and C of NMA8 (D;O) are 1682.1 1525-\' :
(1681.4), 1684.5 (1684.2), and 1697.3 (1696.6)*cm o her
respectively. Frequency shift magnitudes for the three cas¢ i: 1520 ~ A SiteC
are 25.2 (25.5), 22.8 (22.7), and 10 (10.1)*cnespectively. -
It should be noted that the amide | mode frequency does n 15151
change much when2B is replaced with BED. This relative
insensitivity of the NMA normal modes will be shown for 19107
other cases below. In Figure 4(d), the IR intensity of the 1505 . .
amide | mode is plotted. As the intermolecular distance 10 12
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 1255 1
of the water molecule induces an electronic structure chanc
of the NMA, which in turn affects to the molecular structure 1250 - “1 Site A
of the NMA. As a HO molecule approaches to the carbonyl 2 Shed
group to form a H-bond, the electronic structure of the NMA S s
changes more toward the charge-transfer configuration s
that the C=0 bond length of the NMA increases and at th
same time the amide | mode force constant decreases (t 1240 7
two resonance structures are shown below).
T I
0 0
! CH C[ CH Figure 5. The NMA amide |, Il z:nd Il mode frequencies are
H;C/ \N/ ’ - ch/ \ﬁ/ ’ plotted with respect to the H-bond Iength fpr the.th_ree cases o
| 3 l NMA-H-0. Those of NMA-DO are quantitatively similar to the
b e o> o cases of NMA-HO.
(neutral) valence-bond (zwitterionic) charge-transfer
configuration configuration As discussed in Ref. [59]0Q, can be assumed to be

proportional to the C=0O bond length displacement,
Denoting 6Q, as the amidd coordinate displacement 6dco(Edco—dgo), as 0Q, U dd., so that the transition
induced by the electrostatic NMA-water interaction, wedipole moment of the NMA-water complex is predicted to
found that the transition dipole moment is approximatelybe linearly proportional t@dco. In Figure 6,|(ﬁug/0Q|)o|

proportional to the extent of the structural distorfion, (in (Km/mole)? is plotted with respect to the ab initio
calculateddco. Although|(dpy/dQ;) | values for the three

PHg0] 0 PHgr? +| 3 [#C0 3Q ) different sites deviate from the linear line, the overall trends
QU ~ QL { A aEBQ,E{J ! are successfully described by the above theoretical model.

E. Amide Il mode. The amide Il mode of peptide bond,
Here, (z?ug/z9Q|)8 is the transition dipole moment of the which is an out-of-phase combination of largely NH in-plane
gas-phase NMA, an@dC,/dQ,), and are the transiton bending and CN stretchirighas been paid some attention,
charge and position vector of the NM#site, respectively. though the amide | and Ill modes were found to be strongly
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Table 2 Fitting parameters using Egs.(4), (7), and (8) for the amide

~ 0
I, 11, and 1l mode frequencies of NMA48 (NMA-D;0) complexes Vi = Vi + 1y exp{ (1 —To)} + 1z exp{—a(r—To)} .

®)
Mode Site m n 2 Y ~0 . o
Amide | A 8374 042365 1683 1216 where vy, is found to be 1238 cnThe fitting results are
(5.843) (0.30585) (19'70) (1'137) summarized in Table 2 and Figure 5(c). Note that, in
B 8.234 0I46215 14'59 1'241 comparison to the amide Il mode, the frequency of the amide
(5:298) (0'.3455) (17:40) (1:072) Il mode does not change much as a single water molecule
C 7265 0.43386 2688  2.382 makes a H-bond to one of the three sites. The deuterium
(7.50) (0.44662) (2.569) (3.270) isotope effect on amide Il mode frequency of NMAGDs
Amide I A 5550 127578 2338  0.387 ?Ai%;?;’g;ﬁy?sp\gé ;ma"' In Figure 4(f), the amide I
E i:gg ;gﬁgig 2'223 8’231 G. Correlation between water mode frequencies and
: : : : : NMA amide | mode frequency Because of the electrostatic
Amide Il A 8.219 113509 2891 0405  field perturbation by the solvated water molecules, the
B 6.089  1.64296  4.529 0497  glectronic and molecular structures of the NMA change,
C 9.919 1.77644 6.411 0.462

dependent on secondary structures of polypeptides.

those NMA-HO (A, B, or C) complexes with varyingthe
amide Il mode frequencies are calculated and summarized S
Figure 5(b). The fitting function used in this case is

Wi = D?I + 1y exp{—yi(r—=ro)} +nyexp{—y(r—ro)},

where D|0| is found to be 1507.7 ®mThe amplitudes and

decay constants of the two exponential components at
summarized in Table 2. Unlike the case of amide | mode, th
hydrogen-bond of a water molecule to the site C induce: I
comparatively large frequency shift of the amide Il mode
frequency. This can be understood by noting that the amid
Il 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 shifi
magnitude is about 24 ¢h Although not presented in this -
paper, the deuterium isotope effect on the amide Il mod: >~ 36401 /7
frequency of NMA-DO is very small. In Figure 4(e), the IR

intensity of the amide Il mode is plotted.

F. Amide Ill mode. The amide Ill mode is an in-phase
combination of NH in-plane bending and CN stretching
vibrations® The fitting function used is
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which in turn modifies the potential energy surfaces ofpump field frequency to be resonant with one of the amide
various peptide vibrational modes. Now, from the standpointmode transitions as well as controlling the probe field
of the water molecule in the NMA-B system, NMA is the frequency being resonant with one of the three water mode
solvent molecule perturbing the electronic and moleculatransitions, one can measure time-dependent evolution of the
structures of the water. Therefore, one can infer that therd-bond dynamics by using the relationships discussed in this
should be a strong correlation between the NMA modes angaper. In this regard, the symmetric OH stretching mode of
water modes. In Figures 7, the bending and two stretching/ater molecules H-bonded to the NMA sites A and B can be
mode frequencies are plotted with respect to the amide the primary target for this type of experiment measuring
mode frequency. The frequency of the water bending modesquilibrium and/or non-equilibrium H-bond structures,
which was found to be strongly coupled to the amide | modéecauseuws and its IR intensity were found to be a quickly
because of the small frequency difference between the twearying function of the intermolecular distance.
is observed to be almost linearly proportional to that of the
amide | mode. On the other hand, the symmetric and Summary
asymmetric stretching mode frequencies are nonlinearly
correlated with the amide | mode frequency. We presentedb initio calculation results on the interplay
of water and NMA intramolecular vibrational properties and
Two-Dimensional Vibrational Spectroscopic H-bond strength. The frequencies of bending, symmetric
Implications stretching, and asymmetric stretching modes of H-bonded
water molecules were investigated and were found to be
Two-dimensional vibrational spectroscopy, such as IR-IR-sensitively dependent on the hydrogen-bond strength. Also,
Vis FWM 24263348820y olves doubly vibrationally resonant the amide 1, II, and Il mode frequencies of NMA@and
processes. Let's consider the IR-IR-Vis sum-frequencyNMA-D,O complexes were calculated as a function of the
generation (IIV-SFG) process.In the frequency domain, intermolecular distance between the NMA an®HD.0).
the corresponding third-order susceptibility can be approxiParticularly, the symmetric OH stretching mode was
mately written as, in the doubly vibrationally resonant limit, observed to be the most sensitive probe for the H-bond
X(w ) O structure. The correlation between the NMA amide | mode
1 (g1 05 frequency and water mode frequencies was established,
Ai(Rpep Ruad which in turn can be used to measure hydrogen-bond
{wl_wjoep+ ir )} oo + wz_wjoep_ w‘\:vatﬂl—m} strgcture of pe.ptidgs in aqueous so'Iution by employing a
variety of 2-D vibrational spectroscopies.

(9)

where the first two IR and visible field frequencies are
denoted asu, wp, andws, respectively.afep(Rpep, Ryat Acknowledgement This work was supported by the
(forj =1,11, Ill, etc) andwy at(Rpep, Rya) (fok=b,ss,ay  Creative Research Initiatives Program of KISTEP (MOST,
are thejth andkth mode frequencies of NMA and water, Korea).
respectivelyR,., and,,; are coordinates specifying the
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