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Infrared Spectra and Structures of the Valyl-Alanine and Alanyl-Valine Zwitterions
Isolated in a KBr Matrix
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The infrared absorption spectra of the dipeptide zwitteriemalyl-L-alanine and-alanyl4i-valine have been
measured using a novel infrared sampling technique. The two dipeptides are isomers, and similar spectra are
expected and were measured. With the better resolved spectra obtained with the dissolution, spray, and
deposition technique, small but significant differences were identified, not evident in the normal KBr pellet
spectra. Ab initio molecular orbital calculations of the self-consistent reaction field type using the Onsager
dipole—sphere model were undertaken for structure determinations and spectral predictions atifaitkee

and density functional theory levels. A number of conformers were identified; the structure of the calculated
most stable one af-valyl-L-alanine was found to be in excellent agreement with the X-ray crystallographically
determined bond length and angles. The spectral resolution obtained, together with theoretical predictions of
the absorption spectra, and comparisons with the spectra of related dipeptides and amino acids have enabled
vibrational assignment of bands and identification of molecular conformers.

Introduction temperature isolation of molecules in inert gas matrixes, has
_— been applied to a number of amino aéfd$® and dipeptide$?2°
Knowlnge of the \./lbrat'lonal spectra and. structures of the The resolution obtained, together with theoretical predictions
amino ac!ds and peptlo!es IS VEry necessary in areas such as tth the absorption spectra, has enabled vibrational assignment
construction of three-dimensional models of protein structures of bands and identification of molecular conformers.

and in studies of the photosynthetic reaction center. In'[radltlonald In this work, we apply the method to the study of the

methods, vibrational spectra have been measured in presse ipeptides -valyl-L-alanine (val-ala) anc-alanyl+ -valine (ala-
pellets, usually KBr, in liquid hosts such as Nujol, and in vzﬁ) pThe two nxolecules are isomers and ha></e identical atomic
solution. In these methods, the spectra refer to the zwmerlonsChains linking the terminal Nt and CQ- groups. Although

significantly perturbed by neighboring zwitterions or by solvent . . . . ; .
molecules. As a consequence, the spectra are typically Charatc:(he isomers possess the same side chains, they differ in their

terized by broad and partly structured absorption bands extend-d:cSpoﬁ"t'on’ tm tr;]at the glfﬁups _;neth;ll(lj Ot]; a'a”'tf“? ar:d dlst(;]prto%yl
ing from about 3300 to 2300 crh. At lower frequencies (1700 of valine interchange. 1hus, 1 cou € anticipate at the

to 400 cn1?), better resolution is achieved and some individual vibrational spectra ShQUId pe very similar. IR absorption
bands may be identified. spectroscopy can confirm this, and the much better spectral

Evidence from structur lculations and from experiment resolution achieved using our spray sampling technique allows
ence from structure caiculations and from experime spectral differences to be identified that would not be observed
suggests that the zwitterions are not stable in the absence of

dielectric field and that they revert to the neutral fofm? The bhs;gg t|i|1e standarq KB pellet mzthod'.( ith the similarl
dielectric field is provided by neighboring molecules in the solid b ina 31/ compar;s;)ns laredun lertalen ‘f‘”t the smluary
and by polar solvent molecules in solution. Few spectral studies OPtained spectra of the related molecules, g yeglanine (gly-

19, _ _ i _ 20 _ i 6 i
have been reported for the neutral molecules, largely becauseala)’ L-valyl-glycine (val-gly)?® andL-alanine:® They assist

the measurements must be conducted for isolated molecules!” the vibrational assignments, help in the analyses of the

This condition is achieved in the vapor phase and in low standard (KBr) pellet spectra, and identify trends in frequencies

temperature inert gas matrixes, but studies are limited becauseang :jntenst!ges of specific vibrations among the amino acids
of the relatively low thermal stabilities of the amino acids and and dipeptides.

eptides.
P \?Ve have recently developed a spray sampling technique, EXPerimental Section
which has been spectacularly successful in producing resolved |, the measurement of the IR absorption spectra, samples
infrared (IR) absorption spectra throughout_ the mid-IR rafﬁge. were obtained by the dissolution, spray, and deposition method
We. haye argueq that the speptra SO qbtalned refer t9 'S(,)Iated(DSD), which required preparation of solutions that are very
zwitterions stablllze_d by the Q|electr|c f'.e"?' Of_ t_he alkali halide gy te'in the dipeptide but near-saturated in alkali halide. These
matrix. The technique, which has similarities to the low solutions were then deposited by very fine spray on to IR

transparent disks. The disks were held at elevated temperatures,

* To whom correspondence should be addressed. 1 2 6125 2935. 60 °C in this work. to facilitate removal of water. This is a
Fax: + 61 2 6125 0760. E-mail: Gad.Fischer@anu.edu.au. ' . . o .
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of the dipeptides. To ensure that the deposits on the disksfunctions added to the nonhydrogen atoms. In addition, some
contained no water, an additional step was introduced in the specific calculations were repeated at the HF level using the
sample preparation. Following each of the successive spraylarger basis, 6-3t+G(d,p). This basis is formed from the
depositions, the disks were subjected to vacuum-drying. Ad- standard 6-31G(d) with the addition of extra polarization,
ditional details on the preparation of DSD samples have beencorrelation, and diffuse functions. In detail, it includes p type
previously reported® Crystalline val-ala and ala-val were Gaussian polarization functions on each hydrogen atom; extra
obtained from ICN and used without further purification. In this valence functions (tripl€) and core functions (singl&) for
work, aqueous solutions were used, and the matrix and window correlation; and four diffuse functions (sy, @y, p) on each
were KBr (Fourier transform (FT)-IR grade, Aldrich). Molar nonhydrogen atom and one highly diffuse s function on each
ratios of KBr to dipeptide were in the range of 1660600. hydrogen atom. Such a basis is more successful in accounting
No decomposition products were detected in the IR spectra. By for long-range interactions such as H-bondtdglowever, it is
means of this technique, it is suggested that largely monomersrecognized that the inclusion of the diffuse function on H atoms
of the dipeptide zwitterions isolated in a film of KBr were in general does not make a significant difference in accufacy.
obtained. Input data for SCRF calculations include the cavity radius,

It should be noted that dissolution of the two dipeptides in ay, and the dielectric constant, The cavity radius cannot be
aqueous solutions at 8C did not lead to any chemical changes. directly determined from an ab initio calculation of the isolated
This was checked by measurement of the KBr pellet spectra of (gas phase) zwitterion since the isolated zwitterion is not stable.
the sample remaining after the DSD solutions had been In this study, the cavity radius was used as an adjustable
evaporated to dryness at the same temperature. The spectra wergarameter in order to reach the best agreement between predicted
identical to those using the standard KBr pellet method but and observed spectra. Initial estimates were obtained from the
different from the DSD spectra. Not only did this indicate that isolated unionized molecules by standard SCF energy optimiza-
no decomposition had taken place but it showed that the DSD tion runs. Values in the range of 4:8.2 A were obtained for
spray technique produced sample molecules in different mo- a number of conformers of the unionized ala-val. This suggested
lecular environments to simple evaporation. that a similar range of cavity radii be used for the SCRF/HF/

IR spectra were measured with an FT-IR spectrometer (Bruker 6-31G(d) calculations on both val-ala and ala-val zwitterions.
IFS66) at a resolution of 4 cm, over the full mid-IR range It was assumed that the cavity radius found to give the best
(4000-400 cn?). Because of low absorbances resulting from  spectral agreement for all of the conformers using the 6-31G(d)
the use of very dilute solutions and thin sprays, repeated scansasis could also be used for the SCRF calculations with the
(500-1000) were run to maximize signal-to-noise. The standard larger 6-313--+G(d,p) basis. The validity of this assumption
KBr pellet spectra of both val-ala and ala-val were also recorded was confirmed by a series of calculations using the larger basis
over the same frequency region and at the same resolution forand carried out for cavity radii in the range of 48.2 A for
comparison. the Tg2 conformer of val-ala. The dielectric constant for the

KBr continuum was taken as 4.88.
. . o i ) No geometrical constraints were imposed on the SCRF

Previous studies have shown that zwitterionic amino acids geterminations of the optimized structures at either HF or DFT
do not exist as isolated monomers. A similar conclusion is (B3LYP) levels. Starting from all possible geometries, a number
expected to apply to the dipeptides. We have argued that theof stationary points were obtained. To verify that these stationary
dielectric field of KBr is sufficient to stabilize the zwitter-  points were indeed local minima, harmonic vibrational frequen-
ions %29 This requires that to conduct meaningful calculations ¢jes were calculated following the structure optimizations, by
on the zwitterionic forms of amino acids and dipeptides, existing analytic second differentiation of the energy with respect to
as monomeric entities, solvation effects must be included. Self- yclear displacements. The DFT calculated spectra at the
consistent reaction field (SCRF) theory can be used to study B3LYP/6-31G(d) level did not provide better agreement than
solvated molecules, in which the molecule is viewed as a solute the HE spectra nor did they add further insight; hence, they
in a continuum (solvent) with a uniform dielectric constant pave not been reported in this work.
(reaction field). In the Onsager model, the solute occupies a 14 gllow comparison with the observed spectra, the raw
spherical cavity. Other SCRF methods are available but have e icted vibrational frequencies were all scaled using a single

more limited applicationd!?? With respect to vibrational  5-40r namely, 0.9051 for the HF/6-3t3G(d,p) and 0.9614
frequency calculations, the Onsager approach has been showg,, B3LYP/6-31G(d). The frequency scaling corrects for the

to be as good, if not better, than any of the other metféds. \yelknown systematic frequency overestimation due to lack
In recent continuing theoretical studies on glycine, the 4, incomplete inclusion of electron correlatigh.

presence of specifiq _alkali hali(_je rr_lolecu_le_s has been s_hown 0 The simulations of the calculated spectra were achieved by
be sufficient to stabilize the zwntenoﬁ%Slml_lar observations assigning Lorentzian line shapes of 4 cwidth at half-height
have t')e.e.n made for the presence of specn‘m water molettiles. to all calculated bands using the AniMol 3.2 software and
Ab Initio molecular_ orbital calculations of the SCRF type exported into SigmaPlot 2001 for Windows plotting program.
using t_he_Onsager dipotesphere mode_l were undertaker_l for The line widths were arbitrarily chosen to equal the instrumental
zwitterionic val-ala and_ ala-val. Details of the calculations, resolution, although it is recognized that site effects mainly
which are implemented in the GAUSSIAN 98 packagéisave arising from zwitterion clusters, other than the predominant

begn pbrew_ousllyfreportéd.ln th'j' Wt()) r, geometry opt|m|zaé|_on_s monomers, can also be expected to contribute. The band heights
and vibrational frequency and absorption intensity predictions correspond to the calculated intensities.

were undertaken at HF (Hartre€ock) and DFT (density
functional theory) levels. The DFT technique employed the
Becke 3 (B336 exchange functional, which was supplemented
with the Lee, Yang, Parr (LYP] correlation functional. Structures. Six different stationary points were found at the
The majority of the calculations was performed with the HF/6-31G(d) and B3LYP/6-31G(d) levels for both val-ala and
6-31G(d) basis set. This basis set is of doublgspe with d ala-val, using cavity radii in the range of 46.2 A. The six

Calculations

Results and Discussion
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structure/frequency calculations for the Tg2 conformer of val-
ala using the larger basis. Hence, this cavity radius was used
for all of the calculations with the larger basis and for the density
functional approach.

The calculations, at all levels undertaken, have shown that
the T conformers are more stable than the C conformers by
several thousand cmh and that the Tg2 and Tgl conformers
are the most stable for val-ala and ala-val, respectively (Table
1). However, the small energy differences determined for the
three T conformers make the latter predictions less secure.

These chiral molecules have two chiral centers each. For val-
ala, C2C4N10C6 and C2C4H5C6 dihedral angles specify the
absolute configuration of one chiral center while C12C14N16C20
and C12C14H15C20 dihedral angles specify the absolute
configuration of the other. The former is positive and the latter
is negative for each pair, for theform of val-ala. By reversing
the signs of all of the four dihedral angles, thenantiomer is
obtained, which will have the same IR properties as tls®mer.
However, by reversing the sign of just one pair of dihedral
angles, the diastereomers are obtained, and they have different
spectral properties. Because the primary aim of this work was
comparison of the calculated results with the experimental
measurements, discussion of the calculations will be confined
to the naturally occurring enantiomer.

The key dihedral angles for all of the conformers of val-ala
calculated at the SCRF/HF/6-31%G(d,p) level for a cavity
radius of 5.0 A are listed in Table 2, together with those
determined by X-ray diffractioft
Figure 1. Optimized geometries (SCRF/HF/6-3&3+G(d,p), & = The dihedral angles, H11N10C12013 of val-ala and
5.0R) Qf the Tgl and Tg2 conformers of ala-val and val-ala, H8N7C9010 of ala-val, are close to F8for the trans and O
respectively. for the cis forms. The peptide linkage formed by these four
atoms is thus found to be approximately planar. To check the

local minima arise from the two possible cis/trans configurations Possibility of the existence of nonplanar structures, geometry
about the CN bond of the amide linkage, labeled C and T, and OPtimizations were also carried out starting with angles for this
the three possible rotations about the © bond of the valyl ~ dihedral of+30, 60, +:90,+120,£150, and 188 In most of
side chain. The latter three are labeled trans (t), gauche 1 (gl),the cases, the geometry optimized to Fhe more stabl.e trans form.
and gauche 2 (g2), in accordance with the crystal structure work When the starting geometry had a dihedral angle in the range
on L-valine by Torii and litak&®® The SCRF/HF/6-31%+G- of 30 to —30°, the structure opt_lmlzed to the cis form. Similar
(d,p) optimized geometries of the Tg1 conformer of ala-val and Pehavior was noted for the dihedralgC14C12N10C4) and
the Tg2 conformer of val-ala zwitterions at a cavity radius of @(C11CON7C4) of val-ala and ala-val, respectively.
5.0 A are depicted in Figure 1 with the atom numbering used  For the conformers arising from the three possible rotations
in the calculations. about the C14C20 bond, the H15C14C20H21 dihedral angle is
The sensitivity of the conformer stabilities and vibrational close to 180 for the trans+60° for the gauche 1, anet60°
spectra to cavity radius was investigated. Vibrational frequenciesfor the gauche 2 forms of val-ala. In the same vein, the
were calculated to verify that the six stationary points are indeed H5C4C6H21 dihedral angle is close to 280r the trans;+60°
local minima. No imaginary frequencies were found for any of for the gauche 1, ané60° for the gauche 2 forms of ala-val.
the above cavity radii, and accordingly, the theoretical existence The comparison between the calculated values of the dihedral
of six stable conformers has been established. The SCRFangles of the conformers of val-ala and the crystal structure
calculations of both the HF and the DFT types gave the samedata of Table 2 shows that a good match is obtained for the
order of energies for the six conformers at all cavity radii Tg2 conformer. In particular, a value of 176.0 fes-
studied. With the larger 6-3314-G(d,p) basis in the SCRF/HF ~ (C14C12N10C4) indicates a trans structure in the crystal,
calculations, all six conformers of val-ala were identified and while values of —71.5 and 53.6 for the dihedral angles
their optimized geometries were determined, but for ala-val, only N16C14C20C22 and N16C14C20C23, respectively, indicate the
five conformers optimized to the zwitterionic form. The highest g2 conformation.
energy conformer for ala-val optimized to the neutral form for ~ The majority of calculated bond lengths and angles is little
cavity radii of 5.0 A and larger. For smaller cavity radii, itwas changed among the conformers of the one isomer and could
not possible to get convergence for this conformer. not be used to distinguish between them. The largest differences
In our work, the final criterion in the choice of a specific are seen to occur for the €Z4 bond lengths where the T
cavity radius has been the achievement of optimum agreementconformers are shorter than the C by about 0.01 A. However,
between the predicted and the measured spectra for one or moréhe H-bonded distances, ©1-H11 for val-ala and O1- -H8
conformers. A comparison of the vibrational frequencies of the for ala-val, showed much larger variations with different
measured DSD and calculated (SCRF/HF/6-31G(d)) spectra forconformers, up to 0.06 A. For val-ala, the C forms (19899
all conformers showed that the best agreement is obtained forA) had shorter H-bonded distances than the T forms (2.04
cavity radii near 5.0 A. This was also shown to be true in 2.05 A), while for ala-val the results were mixed.
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TABLEAlz Calculated Relative Energies (cnt?) of the Different Conformers of Val-Ala and Ala-Val for a Range of Cavity
Radii (A)

val-ala ala-val
level of theory &) Tgl Tg2 Tt Col Cg2 Ct Tgl Tg2 Tt Col Cg2 Ct

HF/6-31G*(4.6) 355 0 477 4429 2731 3833 0 426 995 2960 4176 4687
HF/6-31G*(4.8) 296 0 461 4230 2576 3626 0 360 930 2749 3937 4273
HF/6-31G*(5.0) 249 0 448 4072 2460 3465 0 304 873 2581 3736 3928
HF/6-31G*(5.2) 212 0 437 3944 2372 3339 0 255 822 2447 3464 3634
B3LYP/6-31G*(5.0) 195 0 323 3452 1891 2980 0 321 579 2125 3139 3304
HF/6-31H-+G**(5.0) 429 0 502 4448 2744 3697 0 220 894 2809 3801

TABLE 2: Key Dihedral Angles of the Conformers of Val-Ala Calculated for Cavity Radius of 5.0 A at the SCRF/HF/
6-311++G(d,p) Level

Tgl Tg2 Tt Cgl Cg2 Ct crystal structdte
C2C4N10C6 122.7 122.6 122.8 121.2 121.8 121.8
C2C4H5C6 —-121.1 —-121.0 —-121.0 —118.0 —118.3 —118.3
C12C14N16C20 124.3 123.9 121.8 122.5 121.8 119.4
C12C14H15C20 —129.0 —126.2 —-128.4 —130.6 —-127.0 —129.6
H11N10C12013 —175.5 —175.2 —174.2 1.4 1.8 0.7
H15C14C20H21 64.4 —64.1 173.1 58.2 —72.2 161.5
1»(N16C14C12N10) 159.9 167.3 148.1 1425 155.2 138.5 162.9(6)
®(C14C12N10C4) 176.2 177.2 175.2 —-31.3 —23.5 —22.3 176.0(6)
$(C12N10C4C2) —-162.1 —164.3 —160.9 —142.9 —153.4 —155.0 —150.6(6)
N16C14C20C22 65.8 —66.3 173.2 59.8 —73.6 161.1 —71.5(8)
N16C14C20C23 —-167.5 60.8 —63.6 —-173.0 53.1 —-73.1 53.6(8)
N10C4C201 —-5.8 —6.1 —6.0 —9.2 —6.4 —6.4 —28.2(9)

P : : TABLE 3: Comparison of Crystal Structure Data of
Similar observations were made for the relative bond lengths "> W’ oo Sllated (SCRF/HF/6-311++G(d.p).

of the two isomers. The largest calculated bond length difference 5 "= 5 0A) Bond Lengths and Angles of the Tg2 and Tgl
for the conformers of val-ala as compared to the conformers of Conformers of Val-Ala and Ala-Val, Respectively
ala-val is about 0.02 A for the GAC6 bond and a similar

. . val-ala ala-val
difference for the corresponding C1€20 (val-ala) and C11 — P p— Tol
C17 (ala-val) bonds (Table 3). 9 crystal struclu 9

A comparison of calculated bond lengths and angles of the 8%:8% i%gg i-gﬁ(g) %gg 1%%
Tg2 conformer of val-ala with the crystallographically deter- ~5 <, 1558 1'539&%) G204 1562
mined dat&! is presented in Table 3. Similarly calculated results c4—cg 1.528 1:518(10) C4C6 1.547
for the Tgl conformer of ala-val are also included in the table, C4—N10 1.467 1.459(8) CAN7 1.468
but no experimental data are available for it. It is seen that apart Ni&gﬂ ig% g-ggz(g) ’;‘\;gg i-g‘ﬁ
from the two CC bonds mentioned above, corr_es_pondlng bondsc12_013 1211 1:231(8) C9010 1510
and angles for the two conformers have very similar values and c12—c14 1.544 1.528(10) coC11 1.542
that agreement with the crystal structure data is good. Cl14-H15 1.081 1.00 CliH12 1.081

Spectra. The majority of calculated vibrational frequencies ﬁig—mg i-ggg (1)-3;31(8) ﬁgmi %-885
and intensities was found to be closely similar for all the — ) ' :

. N16—H18 1.019 0.91 N13H15 1.008

conformers (Table 4). However, the calculations revealed that N16—H19 1.007 091 N13H16 1.018
although differences are very small among conformers within C14-C20 1.543 1.522(9) CHC17 1.526
each of the T and C categories, some larger differences existC20-H21 1.086 CéH21 1.087
between the two categories. This applies particularly to the NH €20-C22 1.533 1.549(11) c6C22 1.531
. C20-C23 1.533 1.536(10) C6C23 1.532
deformation mode of both val-ala and ala-val (Table 4). Inthe g1...411 2.039 217 O1- -H8 2011
DSD spectra of both isomers, a strong band is seenl&5 013 - -H11 3.145 0160- -H8 3.145
cm~L In the calculated spectra for the T conformers, a strong 013 - -H17 2.998 016--H14 2.935
band is predicted at this frequency, whereas for the C conformers©13 - -H18 1.917 1.92 010 -H16 1.988
the nearest band is calculated to be some 60'alistant. 01-C2-03 129.6 125.5(7) 01C2-03 129.6

The spectral observation that the conformer(s) present in the ©1-C2-C4 115.9 118.5(6) 01C2-C4 115.8
DSD sample is trans is in agreement with the computed relative 82:82:83 ﬂ‘l‘i iég'g% ggﬁ:gg ﬂg'g
stabilities, Table 1, and with the conformer identified in the co—cs—N10 1084 110.8(5) C2C4—N7 108.0
crystal of val-ala. Further assignment of the DSD spectrum to C6—C4-N10  111.6 111.9(6) C6C4—N7 113.3
one, or more, of the three T conformers is excluded by the small C4-N10—-C12  124.9 119.6(6) CAN7—C9 125.3

; ; ; ; ; N10—C12-013 126.1 124.0(6) N#C9—-010 127.3
differences in their predicted spectra and the margins of N10—G12-Ci4 1165 116.4(6) N7GO-C11 1158

uncertainty in their calculated values. 013-C12-C14 117.4 119.5(6) 010C9-C11 116.9
The observed IR absorption spectra of val-ala and ala-val C12-C14-N16 104.6 106.0(5) C9C11-N13 105.0

zwitterions in KBr matrixes, obtained by the DSD technique, C12-C14-C20 1143 112.6(6) C9C11-C17 1121

are shown in Figures 2 and 3, respectivgly. The r.lormall KBr (N:ii:g%g:ggg ﬂig ﬁg%ggg gﬁ%ﬁ%}%ﬂ ﬂg:g

pellet spectra were measured and are also included in the figuresc14—c20-c23 112.9 112.2(6) C4C6-C23 1130

The simulated spectra (SCRF/HF/6-31tG(d,p),a, = 5.0 A) C22-C20-C23 111.9 110.4(6) C22C6-C23 110.8

for the Tgl and Tg2 conformers are included in the figures to

illustrate the relatively good agreement with the DSD spectra of each conformer. Apart from only a few bands, Table 4, this

and to underline the marked similarity of the calculated spectra spectral similarity extends to the C conformers.
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. . L . Figure 3. IR absorption spectra of zwitterionic ala-val obtained by
Figure 2. IR absorption spectra of zwitterionic val-ala obtalr_led by (a) the DSD method: (b,c) the SCRF/HF/6-31£G(d,p) calculations
(@) the DSD method; (b,c) the SCRF/HF/@-Si%_iG(d,p) calculations for the Tgl and Tg2 conformers, respectively; and (d) the KBr pellet
for the Tgl and Tg2 conformers, respectively; and (d) the KBr pellet method

method.

While the standard KBr pellet spectra of val-ala and ala-val molecules have been reviewed and modified from those
are very similar, at least superficially, the much better resolved previously reported.
DSD spectra show small but significant differences. One of note  For each of the four dipeptides considered in Table 5, there
concerns the band assignedt¢CO,™). This suggests thatthe  are in theory four NH/NH" stretching type modes, as compared
dispositions of the methyl and isopropyl groups, the side chains, to three (NH*) for the amino acid, alanine. For none of the
do have subtle effects on the bonding of the dipeptides and ondipeptides listed in the table have four resolved bands been
the nonbonded interactions. A comparison of the predicted observed. The calculations indicate that they should all be of
(SCRF/HF/6-311++G(d,p)) frequencies, intensities, and as- similar intensities. This raises the questions of whether in the
signments for the prominent bands of all conformers of both spectra of val-ala and ala-val one of the observed bands is in
val-ala and ala-val with the DSD and KBr pellet measurements fact the overlap of two bands and furthermore whether one of
is given in Table 4. the bands can be assigned to the NH stretch of the amide linkage.

Band assignments in the calculated spectra have beenFor val-ala, the highest frequency band (3412 &nof the three
established from consideration of the normal coordinates. In observed has been tentatively assigned to the NH stretch. A
the observed DSD spectra, the assignments have been deteisecure argument against assignment of this band to thg NH
mined from comparison with the predicted spectra and from group cannot be made. However, it should be noted that none
consideration of the spectra of related molecules. It should be of the calculations, Table 4, has given an Nhstretch at
noted that most normal coordinates in the calculations are frequencies greater than 3400 Thnwhile they have done so
severely mixed in terms of the internal coordinates, and only for the NH stretch. Then, consideration of the calculated and
the largest internal coordinate contribution is recorded in the observed intensities suggests that in the spectrum the second
tables. The mixing is most severe for the lower frequency bands, band, observed at 3344 cfy is a composite of two bands. If
mainly those less than about 1200 Tn correct, this would mean that all four bands have been located,

The frequencies, intensities, and assignments of some of thesupporting the assignment of the 3412¢érto the NH stretch.
prominent bands in the DSD spectra, together with comparable A similar pattern of three bands is seen for val&lput
measurements for the related molecules gly-ala, val-gly, and shifted some 70 cri to lower frequencies relative to val-ala.
alanine, are presented in Table 5. The listed bands areThis is in accord with the calculations that do predict lower
characteristic of amino acid IR spectra and largely concern frequencies for the NH/Ngt stretches of val-gly. The standard
vibrations of the NH*, CO,~, NH, and CO groups. Justification ~ KBr pellet spectra are of some help in this regard. For val-ala
for the proposed assignments is given in the following. In the and ala-val, two broad features are seen at lower frequencies.
context of the table, some of the assignments for the related That one of the two may be assigned to the amide linkage is
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TABLE 4: Comparison of Calculated (SCRF/HF/6-31H+G(d,p), a, = 5.0A) Vibrational Frequencies (Scaled, cm?) and
Relative Intensities (Parentheses) for Prominent Bands of All Conformers of Val-Ala and Ala-Val Zwitterions with DSD and
KBr Pellet Spectra?

val-ala

mode Tgl Tg2 Tt Cgl Cg2 Ct DSD KBr pellet
0COy~ 774(<1) 774(<1) 775(<1) 774(<1) 766(<1) 769(<1) 775(1) 778
OCHs 1360(4)/ 1362(3)/ 1355(4)/ 1390(1) 1388(1) 1390(1) 1360(3) 1358
vCO;~ /1396(1) /1392(3) 11392(2) 1355(1) 1351(3) 1351(3) 1398(7) 1407
2 0CH;z 1458 1475 1485 1479 1475 1480 1454(4) 1456
ONH 1523(7) 1520(7) 1519(8) 1432(0) 1421(0) 1421(0) 1532(5) 1509
ONHz* 1465((2) 1453(5) 1456(3) 1465(2) 1469(1) 1460(1) 1454(4) 1456
ONHz* 1597(1) 1599(1) 1599(1) 1604(1) 1599(1) 1606(1) 1578(1) 1536
ONHz* 1636(1) 1637(1) 1632(1) 1632(1) 1634(1) 1632(1) 1660(sh) 1631
v.CO~ 1654(10) 1654(10) 1654(10) 1663(10) 1661(10) 1662(10) 1620(10) 1589
vCO 1683(4) 1683(4) 1686(4) 1687(1) 1686(1) 1687(1) 1685(6) 1665
> vCHs 2948 2949 2949 2951 2961 2955 2972(2) 2973
veNH3* 3203(2) 3175(2) 3227(1) 3236(1) 3221(1) 3232(1) 3216(1) 3073
vaNH3" 3333(2) 3340(2) 3342(2) 3338(2) 3343(1) 3342(1) 3344(1) 3099
vaNHg" 3378(1) 3386(2) 3385(2) 3382(1) 3387(1) 3384(1) 3344(1)
vNH 3417(2) 3408(3) 3411(2) 3344(2) 3357(2) 3355(2) 3412(1) 3241

ala-val

mode Tgl Tg2 Tt Cgl Cg2 Ct DSD KBr pellet
O0CO;~ 771(1) 746(1) 757(1) 764(1) 738(0) 750(2) 751
OoCH 1362(2) 1365(5)/ 1366(1) 1340Q) 1345(<1) 1337(1) 1336
vCO~ 1396(3) /1376(2) 1359(5) 1376(2) 1361(3) 1389(8) 1405
2 0CH;s 1460 1461 1461 1457 1454 1463(1) 1463
ONHz" 1470(6) 1471(3) 1470(5) 1465(1) 1462(1) 1463(1) 1463
ONH 1520(8) 1528(8) 1529(8) 1448(1) 1473(1) 1517(6) 1514
ONHz* 1596(1) 1596(1) 1596(1) 1600(1) 1597(1) 1585(7) 1570
ONHz* 1635(1) 1634(1) 1634(1) 1633(1) 1634(1) 1625(2) 1626
v.CO~ 1655(10) 1655(1) 1656(10) 1662(10) 1665(10) 1669(10) 1584
vCO 1689(2) 1698(5) 1694(5) 1687(1) 1685(2) 1684(sh) 1668
> vCH;s 2964 2963 2963 2988 3010 2972(1) 2972
veNHz* 3203(2) 3207(2) 3205(2) 3212(1) 3210(1) 3290(1)
vaNHz* 3329(2) 3329(2) 3329(2) 3332(1) 3335(1) 3290(1) 3066
vaNHg" 3373(2) 3373(2) 3373(2) 3378(1) 3382(1) 3360(1)
vNH 3396(3) 3397(3) 3400(3) 3356(2) 3389(1) 3388) 3215

a Assignments are described in termswofstretching;o, deformation; s, symmetric; a, asymmetric; and sh, shouldendicates a number of
bands, and / indicates mixed assignment with /.

TABLE 5: Comparison of Some Vibrational Frequencies (cnt?) and Intensities of Val-Ala and Ala-Val Obtained by the DSD
and KBr Pellet Methods with Those of Gly-Ala, Val-Gly, and Alanine

val-ala ala-val gly-ala val-gly alanine

mode DSD KBr pellet DSD KBr pellet DSD KBr pellet DSD KBr pellet DSD KBr pellet
vCO;~  1398(7) 1407 1389(8) 1405 1396(3) 1408 1391(6) 1397 1397(4) 1410
OCHs 1454(4) 1456 1463(1) 1463 1453(3) 1458 1468(1) 1472 1458(2) 1452
ONH 1532(5) 1509 1517(6) 1514 1536 1534 1498
ONHzt  1578(1) 1536 1585(7) 1570 1574(6) 1585 1574(1)
vaCO,~  1620(10) 1589 1669(10) 1584 1598(10) 1563 1681(10) 1672 1617(10) 1594
ONHzt  1660(sh) 1631 1625(2) 1626 1621(1) 1621 1622
vCO 1685(6) 1665 1684(sh) 1668 1684(5) 1688 1671(sh)
vsNHzt  3216(1) 3073 3290(1) 3212() 3103(1) 3143(1) 3086
vaNHz™  3344(1) 3099 3290(1) 3066 3269(1) 3052 3270(2) 3249(2)
vaNHz™  3344(1) 3360(1) 3338(1) 3270(2) 3314(1)
vNH 3412(1) 3241 3388(1) 3215 3218 3344(1) 3368

supported by the observation of only one broad feature in the the NH stretch of the amide linkage should remain evident in
KBr pellet spectra of alaniteand glycine'® In the KBr pellet the spectrum following such a degree of deuteration.
spectrum of val-gly#? a strong and well-resolved band is seen For ala-val, three resolved bands (3388, 3360, and 3298)cm

at 3368 cml. It is at a comparable frequency to the highest are seen in the NH/N§ stretch region. The first is relatively
DSD band providing further support for the assignments of the very weak and has been assigned to the NH stretch, while the
highest frequency bands in the spectra of val-ala and val-gly to latter two have been assigned to the ;Nigroup. The lower of

the NH of the amide linkage. the latter two is broad, indicative of overlap. The observed
For gly-alal® the three bands (3338, 3269, and 3212 8n weakness and reduced frequency of the NH stretch of the amide
seen in the DSD spectrum, can be assigned to thg Nkbup, linkage of ala-val relative to val-ala is in good agreement with

since they are quantitatively shifted upon deuteration. In the the calculations. For alanifiéthe three NH* stretches are seen
gly-ala study, only 60% total deuteration was achieved. The but at lower frequencies.

lack of more complete deuteration was attributed to the greater In the region around 1600 crh val-ala displays two strong
difficulty of exchanging the NH of the amide linkage. Hence, bands (1685 and 1620 cr) in the DSD spectrum. Assignment
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to the CO stretch(CO)) and asymmetric stretch of the €O The amino acids and dipeptides are characterized by a band
(vo(COy7)) groups, respectively, is consistent with the calcula- of medium intensity near 750 criy which can be attributed to
tions and spectra of related molecules, although the calculateddeformation of the C@ group. In our DSD spectra, bands are
values of the latter for all conformers are higher, Table 4. For identified at 775 and 750 cm for val-ala and ala-val,
gly-ala, the bands are at 1684 and 1598 ¢rin excellent respectively.
agreement with the calculations, while for alanine one strong Finally, a band of medium intensity is observed in all of the
band is seen at 1617 crj close to the calculated value. spectra, DSD and KBr pellet, at about 1145 @niThere is no

In the DSD spectrum of ala-val, strong bands are seen at 1669900d match with the calculations, but assignment@ is in
and 1585 cmt, with a shoulder evident to the high frequency best agreement with the calculations.
side of the former. According to the calculations for all ]
conformers, the CO stretch is predicted to be at higher Conclusion
frequencies and smaller intensities than the asymmetric stretch \/5|_a1a and ala-val zwitterions are isomers and are expected
of the CQ~ group. Furthermore, the calculations predict that 14 gisplay similar vibrational absorption spectra. This is indeed
the two bands should be separated by about&bent* for evident in the almost identical spectra measured by the KBr
all of the conformers. These predlt_:tlons suggest that the strongpe”et method where only small differences are noted in some
band at 1669 cm' should be assigned t(CO;") and the ot the hands, particularly those below about 1300~&m
shoulder at about 1684 cthto »(CO). In this interpretation,  owever, with the better resolution achieved in the DSD spectra,
the strong band at 1585 cthmust then be assigned to a  gmg| put significant differences are also observed for some of
deformation mode of the N§t group. This set of proposed e prominent bands, in particulagC0O,"), suggesting that the
assignments indicates that although the frequency(@D) is dispositions of the side chains do have subtle effects on the
unchanged, the frequencya{CO,") is substantially increased bonding.
in ala-val relative to val-ala, bringing it close to the calculated gy 4nd five conformers, respectively, were calculated to exist
values of all conformers. In the KBr pellet spectra of the tWo  {q 51513 and ala-val at the highest levels of theory used. The
isomers, the frequencies are only marginally different. We have pegt agreement between the calculated and the observed spectra
no explanation for the difference ia(CO,") in the DSD spectra 45 noted for the trans conformers consistent with the computed
of the two isomers other than to note that the more bulky rgjative stabilities. This suggests that the val-ala species

isopropyl group may better screen the carboxyl group from o4y ced by the DSD technique is possibly the Tg2 conformer
specific KBr interactions. Such specific interactions are not ;, agreement with the species identified in the crystal.

included in the Onsager dipe’rephereimethod andl may explain The clear similarities in the spectra of val-ala, ala-val, gly-
why the observed frequency fo§(CO,") of va!-ala is less than ala, val-gly, and alanine confirm that most of the prominent
Fhe calculiated va_lue. It SlhOU|d ?Iso be mentioned &0, ") bands in the spectra can be attributed to vibrations localized
in general experiences larger frequency decreasesu@) largely on the carboxyl and amino groups. For these molecules

in going from the DSD sample to the cryst&Crystal structure with predominantly nonpolar side chains, bands that can be
data indicate that the CO of the amide linkage is more shelteredassigned to the side chains are in general weaker. However

from intermolecular int;rgct_ions than the terminal £Qroup.  geric effects cannot be excluded, and the more bulky isopropy!
For Q'V"’%'a in the cry§t Itis seen that the NH groups.of th? group may partially screen the carboxyl group of ala-val from
peptide linkages are involved in mtermolgcular H-bonding with specific KBr interactions. This explanation has been proposed
the carboxyl oxygens. No such interactions are noted for the o the poorer agreement between theoretical and DSD values
carbonyl oxygen of the peptide linkage. for the v(CO,") frequency of val-ala. For ala-val, the corre-
The NH deformation is assigned to strong bands at 1532 andsponding agreement is excellent.

1517 cm* for val-ala and ala-val, respectively, in good  The calculated structures reveal that the side chains are not
agr_element with the calculated strong bands at 1523 and 152Qcharacterized by any short nonbonded distances, and accord-
cm-*. Comparison with gly-ala is not helpful in this respect jngly, for the side chains, significant nonbonded intramolecular

since the NH deformation has not been identified. For val-gly, interactions, and therefore reduced vibrational frequencies, can
the strong band at 1574 crh(calculated 1518) has been so pe excluded.

assigned.
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