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A complete set of force constants and their corresponding scale factors were obtained by fitting the experimental
vibrational frequencies of seven isotopomers of glycine hydrochloride (GH) to the ab initio force field obtained
at the HF/6-31G** level for the lowest energy conformation. A recently developed fitting procedure is used
for this purpose. The fitting is extremely successful in producing a force field which reproduces the frequencies
within an average deviation of 9.7 cm-1 from the experimentally observed fundamentals for all of the seven
isotopomers. A conformational study was undertaken for glycylglycine hydrochloride (GGH) at the same
level of theory. The scale factors of GH were used to obtain the scaled ab initio force field of the minimum
energy conformer of GGH, which in turn was used to predict the vibrational frequencies and their potential
energy distribution (PED). The excellent agreement between the experimental and predicted fundamentals
offers a “real” example to the concept of building a reliable force field from a smaller unit to a larger unit,
i.e., of a dipeptide from its parent amino acid.

Introduction

Due to the recent advances in quantum chemical methodol-
ogy, an accurate description of molecular force field is possible
for small molecules by extending the atomic orbital basis sets
and including the electron correlation. Such a physical repre-
sentation of a typical macromolecular system of interest in
structural biology is not possible due to limited computational
resources. As a result, the simulation of proteins and nucleic
acids and their interactions have led to a large number of
empirical force fields.1-6 For a better description of molecular
dynamics and molecular mechanics of these large systems, an
accurate knowledge of force field parameters are essential. A
new approach has been introduced in this regard by using the
ab initio Hatree-Fock calculations, employing an optimal basis
set to derive a preliminary quantum mechanical force field,
whose parameters are then systematically scaled by fitting to
the available experimental data.7 These scale factors are then
transferred to structurally related larger systems. This scaled
quantum mechanical (SQM) approach proved very successful
for a large number of organic molecules.8,9 However, the
success is very limited when the SQM procedure is applied to
amino acids. Since there is no symmetry in the amino acids
(point groupC1), each force constant is different from the other;
many sets of scale factors give an equally good fit, and hence,
it becomes difficult to obtain a unique solution.10 A second,
equally difficult problem is that the ab initio potential energy
distribution (PED) is different from the experimentally obtained
PED, implying that the ab initio result is a poor model for amino
acids.11 This is because the ab initio calculation refers to the
isolated molecule in the gas phase. In this phase, it is not in
the zwitterion state12 and it may exhibit intramolecular H-
bonding, which is absent in solution or the solid state.11,13

Attempts are being made to improve the model explicitly by
including water molecules in the calculation (supermolecular
calculation) or implicitly by introducing a dielectric medium
(Onsager reaction field).10,14,15 A SQM force field calculation
on the glycine cation supermolecule is available for cis and trans
conformations at HF/4-31G* level.10 Such supermolecular

calculations, although aimed at building generalized scale factors
for peptides, are difficult to extend to higher systems because
of the increase in the number of atoms included as water
molecules. Also the water modes get mixed up with the normal
modes, and the discussion in terms of single molecule force
constants becomes difficult. Alanine zwitterion is studied by
the reaction field approach in a water environment.15 This
improves the ab initio model, although the agreement is not
very good with the experimental PED.
An attractive solution to this problem could be the transfer

of scale factors from smaller amino acids to the larger dipeptides
for which the ab initio model correctly describes the gross
features of experimental vibrational spectra. Ab initio calcula-
tions of isolated amino acids in their cationic or anionic forms
(in acidic or basic solution) grossly resemble the experimental
features because the intramolecular H-bonding is less pro-
nounced in these molecules compared to their zwitterions.
Because we are trying to describe the molecular features in
condensed phase where intramolecular H-bonding does not exist,
the basis set has to be chosen in such a way that helps to describe
the features of such intramolecular H-bonding to a negligible
or very small extent. Although this would represent a less
satisfactory prediction for the isolated molecule, it has the merit
of mimicking the actual situation in solution or solid phases.
Hence, the present study involves a complete conformational
and vibrational analysis of GH and GGH and transfer of scale
factors between them to obtain a reliable theoretical force field
for the smallest dipeptide hydrochloride.
Many conformational and vibrational analyses of neutral

amino acids are found in the literature.16,17 A complete
vibrational analysis of amino acids in the zwitterionic or any
other ionic form is mainly limited to glycine,10,12,14alanine,11

cysteine, and serine.13 To the best of our knowledge, a complete
ab initio vibrational analysis of any peptide is limited to our
earlier study of GGH.18 An experimental Raman study of
glycylglycine zwitterion (GG) and its normal mode analysis was
reported by Lagant et al.19

Methodology
Calculations for both GH and GGH were performed with the

Gaussian 90 and 94 programs.20 The geometry optimizationsX Abstract published inAdVance ACS Abstracts,August 15, 1997.

6964 J. Phys. Chem. A1997,101,6964-6969

S1089-5639(97)01034-7 CCC: $14.00 © 1997 American Chemical Society



and frequency calculations were done using 4-21G and 6-31G**
basis sets. The ab initio force constants and frequencies of GH
were calculated analytically and that of GGH numerically. The
Cartesian force constant matrix was transformed to the nonre-
dundant local coordinate space following the recommendation
of Pulay et al.21 The fitting procedure described in detail in
our earlier papers was used to get the scale factors for GH by
fitting the frequencies of seven different isotopomers simulta-
neously.22 A flow chart of the fitting algorithm is available as
Supporting Information. The fitting is extremely successful in
producing an average deviation of 9.7 cm-1 from the available
experimental data. The ab initio force constants of GGH are
scaled using the scale factors of GH. Durig’s scaling proce-
dure23 was applied when there is no equivalent local symmetry
coordinates between the two compounds. Durig’s scaling
involves the scale factor 0.9 for stretching, 0.8 for bending, and
the geometric mean for the off-diagonal elements. The experi-
mental IR spectra of GGH was taken from our earlier reported
spectra.18 Glycylglycine methyl ester hydrochloride (GGMH)
was prepared by reacting SOCl2 with N-glycylglycine in
methanol. The solution was dried under high vacuum. The
IR spectrum was recorded using a Perkin-Elmer spectropho-
tometer.

Results

Amino acid hydrochlorides in solution dissociate into an
amino acid cation and Cl-, and, hence, to a good approximation,
the spectral features could be accounted for by the cation.
Similar treatments gave successful results for other systems,
for example, acetylcholine.24 In solid state, each Cl- is ionically
bonded to the planar H-atom of the N+H3 group with a bond
distance of 2.59 Å in GH. The room temperature spectra of
NH4Cl and NH4Br are essentially identical, indicating that the
anion has very small effect on the spectra.25 The differences
between the solid and solution phase spectra could be accounted
for in most cases by the phase change (mainly the strong
intermolecular H-bonded network in the crystal structure vs
intermolecular H-bonding in a dielectric medium). Thus, as a
reasonable approximation, the cations can be considered as a
good theoretical model for the vibrational spectra of amino acid
hydrochlorides, and, hence, in the present study optimization
and frequency calculations were performed with the respective
cations of GH and GGH. Similar observations have been made
on C5H5

-Li+, C5H5
-Na+, and C5H5

-K+.26 Furthermore, the
fully optimized structure of GH at the HF/6-31G** level of
calculation by including Cl- explicitly results in the dissociation
of GH into neutral amino acid and HCl.
It is known that the electron correlation may contribute

significantly to those frequencies which comprise vibrations of
double bonds. To see the effect of correlation, a separate
calculation has been performed on CH3COOH at the HF/6-
31G** and MP2/6-31G** levels of calculation. Since the CdO
bond is very well-characterized as a localized mode in related
systems, the final results will still be a good approximation to
the correct force constants and frequencies. Our calculated
results on acetic acid at both levels are very similar after scaling,
indicating that part of the correlation is included during fitting
using experimentally observed frequencies (see Tables SIX and
SX in the Supporting Information). [In acetic acid,fCdO is
16.358/12.613 (in HF/6-31G**) and 13.373/12.257 (in MP2/
6-31G**) (unscaled/scaled)].
Conformations of GH. The conformational space of GH

has been studied by several authors using ab initio theory. These
studies clearly indicate that the lowest energy conformation is
basis set dependent.27,28 Since we are looking for a conforma-

tion in which the intramolecular H-bonding will be a minimum
so that it will mimic the solution or solid state spectra, we used
4-21G, a low-level basis set, and 6-31G**, a high-level basis
set. For the present work we took only the two lowest energy
conformations of GH from the earlier study.27 At the 4-21G
level C1 is the lowest energy form, whereas, at 6-31G**, C2 is
the most stable one (Figure 1). Inclusion of the correlation at
the MP2 level does not improve 4-21G results, while C2 changes
to a structure closer to C1 at the 6-31G** level, indicating that
the HF/4-21G calculation reproduces the structure close to the
global minima, though C2 is closer to the crystal structure.28 In
all the cases the frequency calculations on the optimized
structure were done to make sure that they are real minima.
Since the minimum energy conformation at HF/6-31G** does
not have the intramolecular H-bonding and also replicates the
crystal structure, this basis set is used for the vibrational spectral
study.
Conformations of GGH. Eight possible different conforma-

tions were selected by rotating the N-terminal and C-terminal
groups of GGH. Each conformation is fully optimized at the
6-31G** basis set. The optimized structures are given in Figure
2, and the final results of different calculations are listed in Table
1. C1 is the minimum energy structure. Further MP2/6-31G**
single point calculations were performed to see the effect of
correlation on the relative energies of these eight conformations.
Frequency calculation was done only on the minimum energy
conformation.

Figure 1. HF/6-31G** optimized structures of the two conformers of
GH.

TABLE 1: Relative Energies (kJ/mol) of GH and GGHa

structure HF/6-31G** MP2/6-31G**

GH
C1 15.30 (0.00) 0.03
C2 0.00 (5.07) 0.00

GGH
C1 0.0 0.0
C2 2.2 7.1
C3 21.2 18.5
C4 23.3 25.4
C5 36.2 33.5
C6 38.2 40.2
C7 61.6 54.8
C8 60.7 53.9

a The numbers in the parentheses are the 4-21G energies.
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Vibrational Frequencies of GH. The solution phase IR and
Raman spectra of several isotopomers of GH were reported by
Williams et al.10 However, the supermolecular calculation with
water molecules introduces strong coupling between the vibra-
tional modes of GH and water. As a result regions below 600
cm-1 are not very well described in their work. Also since the
least squares method has not lead to unique assignment, they
constrained the scale factors in their SQM approach to yield
PEDs that were in agreement with their empirical assignment.
In the present work the fitting of the experimental frequencies
of seven isotopomers produced a better fit than that of Williams
et al. except for the peak at 568 cm-1 in GH-d0. For this mode
the absolute deviation from the fitted one is 30 cm-1. It is
possible that this frequency might have been misassigned. For
all fundamentals the assignments are very close to those of
unscaled ab initio normal modes. The PEDs of the scaled force
field are in good agreement with that of Williams et al.,10 and,
hence, the assignment for GH will not be discussed further. The
force field cannot be compared, as our results are based on an
isolated molecule. The fitted frequencies and their PEDs for
GH-d0 are given in Table 2, and the corresponding fitted
frequencies for the isotopomers are given in Table 3.

Vibrational Frequencies of GGH. The frequencies obtained
from the scaled force field and the corresponding PEDs of GGH
are shown in Table 4. The predicted frequencies are in excellent
agreement with the available experimental data with an average
deviation of 7.6 cm-1. For a comparative study, the experi-
mental frequencies of GG and GGMH are also given in the
table.
Theν(CdO) acid andν(CdO) amide bands are predicted at

1738 and 1676 cm-1 and are observed at 1746 and 1677 cm-1.
This is in agreement with the 1724 and 1678 cm-1 bands of
the corresponding GGMH. The CdO is observed at 1682 cm-1

in GG.19

Both of theδa(N+H3) modes are predicted at 1641 and 1602
cm-1 and are not observed in our IR spectra. However, the
1629 and 1611 cm-1 Raman bands of GG19 are in very good
agreement with our predicted numbers. These modes appear
as degenerate bands at 1607 cm-1 in GH in accordance with
the prediction. The 1648 cm-1 band and the weak shoulder at
1622 cm-1 in the corresponding GGMH spectra compare well
with these assignments. The asymmetric NH(amide) bend is
predicted at 1593 cm-1 along with ν(CN), ν(CdO) (amide),
andν(NC′) is assigned to 1584 cm-1. This amide II mode is

Figure 2. HF/6-31G** optimized structures of the eight conformers of GGH.
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observed at a lower frequency (1531 cm-1) in the zwitterion.
The 1535 cm-1 band observed in the GGMH spectrum is in
agreement with this assignment. The symmetric N+H3 defor-
mation predicted at 1472 cm-1 agrees very well with the 1480
cm-1 in the zwitterionic spectra. This mode is assigned to the
1452 cm-1 peak in the corresponding GGMH. Both of theF-
(N+H3) modes are predicted at 1155 and 1126 cm-1 and are

observed at 1135 and 1117 cm-1 in the GGH spectra, 1158
and 1100 cm-1 in the zwitterion, and 1130 and 1090 cm-1 in
the GGMH. In many amino acids theseF(N+H3) modes appear
as two closely spaced bands around 1100-1150 cm-1.29,30

The observed band at 1487 cm-1 is predicted very well at
1486 cm-1 and is assigned to the mixed mode ofω(C′H2), ν-
(C′C), ν(CO), andω(CH2). The various CH2 bending modes
(δ(CH2),ω(CH2) andt(CH2)) are predicted at 1443, 1433, 1408,
1329, and 1242 cm-1 and are assigned to the observed bands
at 1434, 1434, 1410, 1308, and 1219 cm-1, respectively. The
1447 cm-1 Raman band assigned toδ(CH2) by Lagant et al. in
the zwitterion spectra agrees very well with our predicted 1443
cm-1 band. This mode is assigned to the observed band at 1437
cm-1 in the GGMH. Theω(CH2) mode at 1408 cm-1 is
assigned to 1399 and 1402 cm-1 in the corresponding GG and
GGMH. The CH2 rocking modes are predicted at 1002 and
925 cm-1. The higher one is assigned to the observed band at
1013 cm-1 and is consistent with the earlier assignment of
Lagant et al. at 1007 cm-1 in the zwitterionic spectra for this
mode. Although there is no band corresponding to the lower
one in our hydrochloride spectra, this agrees well with the 918
cm-1 band assignment of the zwitterionic spectra.19

The predicted band at 1362 cm-1 is assigned toδ(COH), and
ω(C′H2) is in agreement with the observed band at 1350 cm-1.
This band is observed at 1378 cm-1 in GH and is consistent
with this assignment. There is no corresponding mode in the
zwitterion spectra, but it appears at 1362 cm-1 in the spectrum
of GGMH. Theν(N+C) and one of theν(CC′) + ν(CC) modes
predicted at 1050 and 907 cm-1 are in excellent agreement with
the observed bands of all three compounds and also consistent
with the 1044 and 873 cm-1 bands of GH.
Bands predicted at 700 and 661 cm-1 agree very well with

the observed bands at 708 and 661 cm-1 in the hydrochloride
spectra, 708 and 665 cm-1 in the zwitterion, and 708 and 644
cm-1 in the GGMH. Bands below 600 cm-1 are not available
for GGH, and, hence, the predicted numbers below 600 cm-1

are compared with the zwitterionic spectra of Lagant et al.19

TABLE 2: Fitted Vibrational Frequencies of GH (cm-1)

sym
species

6-31G**
(scaled) assignments expta SQM

1 3412 ν(OH) (3200)
2 3179 ν(N+H) 3182
3 3124 ν(N+H) 3152
4 3060 ν(N+H) 3058
5 3019 ν(CH) 3012 3022
6 2961 ν(CH) 2973 2961
7 1746 ν(CdO) 1740 1750
8 1616 δa(N+H3) 1607 1618
9 1610 δa(N+H3) 1607 1594
10 1512 δs(N+H3) + ω(CH2) 1512 1518
11 1489 δs(N+H3) + ω(CH2) + ν(CO) (1484) 1476
12 1427 ν(CH2) 1435 1434
13 1378 ν(COH)+ ω(CH2) + ν(CO) 1378 1384
14 1328 t(CH2) + F(N+H3) 1320 1324
15 1252 ν(CO)+ δ(COH) 1263 1284
16 1148 F(N+H3) + ω(CH2) + ν(CN+) 1135 1153
17 1121 t(CH2) + F(N+H3) 1125 1137
18 1042 ν(CN+) 1044 1058
19 923 F(CH2) + F(N+H3) + γ(CO) 917 923
20 884 ν(CC)+ F(N+H3) 873 880
21 657 τ(CO)+ γ(CO) 657 669
22 598 δa(CO)+ δ(N+CC) 568 563
23 521 γ(CO)+ τ(CO)+ F(CH2) 504 453
24 498 δs(CO) (483)
25 297 δ(N+CC)+ δs(CO)+ δa(CO) 301 250
26 174 τ(CN+) + τ(CC) (175)
27 34 τ(CC)+ τ(CN+) (35)

a Experimental frequencies are taken from ref 10. Since the fitting
algorithm requires all of the experimental frequencies at least for one
isotopic species, the numbers in parentheses are introduced as a good
guess for GH-d0 and do not have any other significance.

TABLE 3: Fitted Vibrational Frequencies of All Seven Isotopomers of GH (cm-1)

N+H3CH2COOH N+H3
13CH2COOH N+H3CH2

13COOH N+H3CD2COOH N+D3
13CH2COOD N+D3

13CH2COOD N+D3CH2
13COOD

expt calc expt calc expt calc expt calc expt calc expt calc expt calc

3412 3412 3412 3412 2484 2484 2484
3182 3179 3179 3179 3182 3179 2341 2347 2347 2347
3152 3124 3124 3124 3152 3124 2263 2306 2306 2306
3058 3060 3060 3060 3058 3060 2203 2199 2199 2199
3012 3019 3007 3019 2232 2249 3015 3019 3007 3019
2973 2961 2955 2961 2166 2161 2975 2961 2955 2961
1740 1746 1741 1745 1700 1703 1741 1744 1733 1732 1732 1731 1688 1687
1607 1616 1608 1616 1614 1614 1608 1614 1160 1166 1159 1168 1160
1607 1610 1608 1609 1614 1610 1608 1607 1153 1152 1153
1512 1512 1510 1507 1520 1507 1518 1503 1186 1166 1182 1168 1186

1489 1481 1475 1443 1455 1480 1435 1464 1438 1464
1435 1427 1431 1424 1437 1427 1044 1037 1429 1427 1411 1423 1406 1427
1378 1378 1360 1374 1370 1367 1317 1302 1340 1313 1336 1311 1321 1290
1320 1328 1316 1325 1320 1328 1201 1217 1278 1272 1277 1270 1271 1271
1263 1252 1263 1252 1246 1243 1210 1227 1073 1078 1060 1076 1066 1078
1135 1148 1133 1140 1139 1147 926 921 780 768 775 764 776 766
1125 1121 1113 1118 1119 1117 918 917 815 793 805 793 808 789
1044 1042 1027 1024 1044 1042 1112 1109 1008 1003 989 986 1007 1003
917 923 915 919 910 916 804 802 1043 1042 1032 1032 1025 1034
873 884 864 873 869 881 842 837 951 956 941 945 949 956
657 657 648 657 656 653 644 632 618 598 608 597 614 589
568 598 566 595 559 596 592 561 552 558 550 555 550
504 521 501 521 502 514 463 419 419 417

498 496 497 480 487 485 470 483 468 483 468
301 297 301 296 301 296 301 295 287 275 290 275 287 274

174 172 174 166 148 146 148
34 34 34 33 27 27 27
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Conclusions

The fitting procedure to obtain the scale factors from the ab
initio force field of GH has shown to be very successful, giving
an average deviation of 9.7 cm-1 between the predicted and
the experimental frequencies for seven isotopomers. These scale
factors were used to predict the frequencies of GGH; the results
were shown to be in good agreement with the experimental ones
with an average deviation of 7.6 cm-1 for the smallest dipeptide
hydrochloride. A complete set of nonredundant force constants
was obtained for both GH and GGH. From the accuracy of
the predicted frequencies it is clear that the methodology could,
in principle, be used successfully for the prediction of vibrational
frequencies and their force fields of larger polypeptides from
their parent amino acids.

Acknowledgment. We thank the anonymous reviewers for
their valuable comments.

Supporting Information Available: Tables listing opti-
mized Cartesian coordinates obtained by using the 6-31G**

basis set for the minimum energy conformation, local symmetry
coordinates of GH and GGH and their nonredundant scaled force
constants, internal coordinates, local symmetry coordinates, and
fitted frequencies and their PEDs at both HF and MP2 levels
of theory of acetic acid, and figures showing internal coordinates
of GH and GGH, atom numberings of acetic acid, and a flow
chart of the algorithm used for fitting (14 pages). Ordering
information is given on any current masthead page.

References and Notes

(1) (a) Weiner, P. K.; Kollman, P. A.J. Comput. Chem. 1981, 2, 287.
(b) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio, C.;
Alagona, G.; Profeta, S.; Weiner, P.J. Am. Chem. Soc. 1984, 106, 765. (c)
Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case. D. A.J.Comput.Chem.
1986, 7, 230.

(2) van Gunsteren, W. F.; Berendsen, H. J. C.Biochem. Soc. Trans.
1982, 10, 301.

(3) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M.J. Comput. Chem. 1983, 4, 187.

(4) DISCOVER, Biosym Technologies Inc., Sand Diego, CA.
(5) Allinger, N. J.J. Am. Chem. Soc. 1992, 114, 1.

TABLE 4: Predicted Vibrational Frequencies of GGH (cm-1)

sym
species

6-31G**
(scaled) assignments

GGH
expt

GG
expta

GGMH
expt

1 3436 ν(OH)
2 3265 ν(NH) 3285
3 3161 ν(N+H)
4 3109 ν(N+H) 3080
5 3017 ν(CH) 3013
6 2977 ν(C′H) 2960 2960
7 2964 ν(N+H) + ν(CH)
8 2957 ν(CH)+ ν(N+H)
9 2938 ν(C′H) 2927
10 1738 ν(CdOacid) 1746 1724
11 1676 ν(CdOamide) + ν(CN) 1677 1682 1678
12 1641 δa(N+H3) 1629 1648
13 1602 δa(N+H3) 1611 1622
14 1593 δa(NH) + ν(CN)+ ν(CdOamide) + ν(NC′) 1584 1531 1535
15 1486 ω(C′H2) + ν(C′C)+ ν(CO)+ ω(CH2) 1487
16 1472 δs(N+H3) + ω(C′H2) 1480 1452
17 1443 δ(C′H2) 1434 1447 1437
18 1433 δ(CH2) + δs(N+H3) 1434 1420
19 1408 ω(CH2) + δ(CH2) 1410 1399 1402
20 1362 δ(COH)+ ω(C′H2) 1350 1362
21 1329 t(CH2) + F(N+H3) 1308 1315 1307
22 1266 δs(NH) + ν(CO) 1265 1249 1249
23 1247 ν(CO)+ ω(C′H2) + δ(COH)
24 1242 t(C′H2) 1219 1242 1219
25 1188 ν(CN)
26 1155 F(N+H3) + ω(CH2) + t(CH2) 1135 1158 1130
27 1126 t(CH2) + F(N+H3) 1117 1100 1090
28 1050 ν(N+C) 1040 1046 1032
29 1002 F(C′H2) + γ(COacid) 1013 1007
30 985 ν(CC)+ ν(C′C) 968 980
31 925 F(CH2) + γ(COamide) + F(N+H3) 918 946
32 907 ν(CC′) + ν(CC) 903 910
33 700 δa(COamide) + δ(NCC) 708 708 708
34 661 τ(COacid) + γ(COacid) + F(C′H2) 661 665 644
35 618 τ(CN)+ γ(COamide) + γ(NH) + F(CH2)
36 594 δa(COacid) + δ(NC′C) 598
37 568 δs(COacid) + δa(COamide) 588
38 537 γ(COamide) + γ(NH) 535
39 508 γ(COacid) + τ(CO)
40 405 δ(N+CC)+ δs(COacid) 396
41 331 δs(COamide) + δs(COacid) + δa(COamide) 317
42 269 δ(NC′C)+ δa(COacid) 298
43 196 τ(C′C)+ τ(CC)+ γ(NH) + τ(N+C)
44 179 τ(N+C)+ τ(C′C)
45 111 δs(NHamide) + δs(COamide) + t(CH2)
46 89 τ(CC)+ τ(N+C)
47 79 τ(C′C)+ τ(CN)
48 40 τ(NC′) + γ(NH) + τ(CC)

a Taken from ref. 19.

6968 J. Phys. Chem. A, Vol. 101, No. 37, 1997 Chakraborty and Manogaran



(6) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
Kollman, P. A.J. Am. Chem. Soc. 1995, 117, 5179.

(7) (a) Pulay, P.; Fogarasi, G.; Pongor, G.; Boggs, J. E.; Vargha, A.J.
Am. Chem. Soc. 1983, 105, 7037. (b) Goddard, W. A., III; Wendel, J. A.
J. Chem. Phys. 1992, 97, 5048. (c) Dasgupta, S.; Goddard, W. A., III.J.
Chem. Phys. 1989, 90, 7027.

(8) Pongor, G.; Pulay, P.; Fogarasi, G.; Boggs, J. E.J. Am. Chem.
Soc. 1984, 106, 2765.

(9) Sellers, H.; Pulay, P.; Boggs, J. E.J. Am. Chem. Soc. 1985, 107,
6487.

(10) Williams, R. W.; Kalasinsky, V. H.; Lowrey, A. H.J.Mol. Struct.
(THEOCHEM)1993, 281, 157.

(11) Barron, L. D.; Gargaro, A. R.; Hecht, L.Spectrochim. Acta1991,
47A, 1001.

(12) Alper, J. S.; Dothe, H.; Lowe, M. A.Chem. Phys. 1992, 161, 199.
(13) Tarakeshwar, P.; Manogaran, S.Spectrochim. Acta1995, 51A, 925.
(14) (a) Lowrey, A. H.; Williams, R. W.Struct. Chem. 1993, 4, 289.

(b) Mirkin, N. G.; Krimm, S.J. Am. Chem. Soc. 1991, 113, 9742.
(15) Yu, G.; Freedman, T. B.; Nafie, L. A.; Deng, Z.; Polavarapu, P. L.

J. Phys. Chem. 1995, 99, 835.
(16) Csaszar, A. G.J. Am. Chem. Soc. 1992, 114, 9568, and references

cited therein.
(17) Vijay, A.; Sathyanarayana, D. N.J. Phys. Chem. 1992, 96, 10735.
(18) Chakraborty, D.; Manogaran, S.J. Mol. Struct. (THEOCHEM)

1994, 303, 265.
(19) Lagant, P.; Vergoten, G.; Loucheuxlefebvre, M. H.; Fleury, G.

Biopolymers1983, 22, 1267.
(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A.Gaussian 94, Revision C.2; Gaussian
Inc.: Pittsburgh, PA, 1995.

(21) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs, J. E.J. Am. Chem. Soc.
1979, 101, 2550.

(22) (a) Chakraborty, D.; Ambashta, R.; Manogaran, S.J. Phys. Chem.
1996, 100, 13963. (b) Manogaran, S.; Chakraborty, D.J. Chem. Phys.,
submitted for publication.

(23) Durig, J. R.; Wang, A. Y.; Little, J. S.; Breltic, P. A.J. Chem.
Phys. 1990, 93, 905.

(24) Aslanian, D. InMolecules in Physics, Chemistry and Biology;
Maruani, J., Ed.; Kluwer Academic Press: Dordrecht, The Netherlands,
1989; Vol. IV, pp 233-280.

(25) Wagner, E. L.; Hornig, D. F.J. Chem. Phys. 1950, 18, 296, 305.
(26) Garbuzova, I. A.; Garkusha, O. G.; Lokshin, B. V.J. Organomet.

Chem. 1985, 279, 327.
(27) Jensen, F.J. Am. Chem. Soc. 1992, 114, 9533.
(28) Yu, D.; Rauk, A.; Armstrong, D. A.J. Am. Chem. Soc. 1995, 117,

1789.
(29) (a) Ghazanfar, S. A. S.; Myers, D. V.; Edsall, J. T.J. Am. Chem.

Soc. 1964, 86, 3439. (b) Kakihana, M.; Akiyama, M.; Nagumo, T.;
Okamoto, M.Z. Naturforsch. 1988, 43A, 774.

(30) Diem, M.; Polavarapu, P. L.; Oboodi, M.; Nafie, L. A.J. Am.Chem.
Soc. 1982, 104, 3329.

Vibrational Spectrum of GGH J. Phys. Chem. A, Vol. 101, No. 37, 19976969


