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The NH stretch (s) frequency,ν(NH), in peptides and proteins, as in many amide group hydrogen bond (HB)
systems, is used as an indicator of the presence and strength of the bond. This is based on the concept that
ν(NH) is associated with an essentially localized mode whose frequency is influenced only by the HB
interaction. We examine this assumption through ab initio studies ofN-methylacetamide (NMA) and of 78
conformers of the alanine dipeptide (ADP). Based on our recent studies of nitrogen pyramidalization in NMA
(J. Phys. Chem. A2003, 107, 1825), we find that such nonplanarity, whether deriving from a nonplanar
peptide group or only from a steric constraint, results in an increase in the NH bond length,r(NH), and thus
in a decrease inν(NH). This is accompanied by changes in other internal coordinates that make small
contributions to this mode, emphasizing that although NH s is a highly localized mode it is not completely
so. It is not surprising, therefore, to find that changes in the environment of the NH group, such as exist in
the ADP conformers, lead to variations inν(NH) even in the absence of traditional HB configurations. The
ADP results permit an analysis of these effects and also illustrate the important role, as we recently emphasized
(J. Phys. Chem. A2002, 106, 11663), of electrical interactions in affectingr(NH) and thusν(NH). We show
how the increased strength of this interaction in ADP conformers with “standard” HBs leads, through the
much larger induced dipole derivative, to the large increase in infrared intensity of NH s bands in such
structures.

1. Introduction

It has long been recognized that hydrogen bonding of donor
X-H groups such as O-H and N-H, for example, in OH‚‚‚O
and N-H‚‚‚O cases, leads to a red-shift of the X-H stretch (s)
frequency,ν(XH), from that of the free group.1 The presence
of such shifts has been taken as an indication of hydrogen
bonding, with the magnitude of the shift being indicative of
the strength of this interaction.

The origin of this frequency shift has been made clear by
earlier as well as more recent ab initio studies. In the cases of
both OH2 and NH,3 increased hydrogen bond (HB) strengths
(e.g., associated with shorter H‚‚‚O distances) lead to longer
X-H bond lengths,r(XH), and smaller X-H force constants,
which results in lowerν(XH). Further studies have shown that
the bond lengthening originates from an elongating force arising
from electrostatic4 and electric field-dipole derivative5,6 (or
equivalent charge flux7) interactions that, combined with the
contracting effect of the exchange repulsion force at the
equilibrium HB position,5,8,9 give the observed net bond
elongation and thus the frequency red-shift.

The earlier ab initio work3 involved a study of vibrational
properties of the hydrogen-bonded NH ofN-methylacetamide
(NMA). In these calculations the peptide group (-CONH-)
was kept planar, and the (optimized) NH bond properties (length,
force constant, dipole derivative) were obtained as a function
of the HB geometry in an NMA-formamide dimer. The
assumption of peptide group planarity, that is,ω ) 0°, is an
undesirable constraint, potentially hiding other factors affecting

the NH group, and recent work10 has indeed revealed that
peptide nonplanarity produces changes in the NH out-of-plane
bend (ob) coordinate,γ, which might well lead to changes in
r(NH). This will not only have an impact on the spectroscopic
properties, which are important in vibrational analyses of
peptides and proteins, but associated changes in charge distribu-
tion could also have important implications for the representation
of peptide groups in molecular mechanics energy functions.10,11

We recently calculated a vibrational frequency map for the
alanine dipeptide (ADP), CH3CONHCRH(CH3)CONHCH3, that
is, frequency as a function of dihedral anglesæ, CNCRC, and
ψ, NCRCN, and presented results for the amide III mode.12 We
now present results for the NH s mode and describe the
dependence of its frequency on nitrogen pyramidalization, local
electric field effects, hydrogen bonding, and other influences.
We preface the discussion of the ADP with an examination of
the relevant parameters in the simpler case of the amide group
of NMA.

2. Calculations

All ab initio molecular orbital calculations were performed
with the Gaussian 9813 program.

In the first set of calculations for NMA and NMA-H2O,
performed with density functional theory (DFT), the B3LYP
functional, and the 6-31+G* basis set (which we showed gives
a planar peptide group at equilibrium14), we studied geometries
and frequencies as a function ofγ for various deformations of
the peptide CN torsion angle,ω. For theω coordinate we use
the nonredundant Bell’s torsion,15 defined as the average of the
OCNC and CCNH dihedral angles. This coordinate measures
the angle between theπ-orbitals of the peptide group and is
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orthogonal toγ.11 These angles were set to values that yielded
the desired range ofγ (-35.6° to 35.6°) andω (0° to 20°).

In the second set of calculations involving NMA, performed
at MP2/6-31++G**, we looked at the changes in geometry,
and in particularγ andω, as we increased and fixedr(NH) by
0.5, 1.5, and 2.0% of the equilibrium value and fully optimized
the rest of the geometry parameters. We did the same forr(CO),
increasing it by 2% of the equilibrium value. Moreover, given
that an increase ofr(NH) causes a rotation of the methyl (Me)
groups (i.e., 8.3° for the CMe and 9.0° for the NMe, for∆r(NH)
) 1.5%), we also fixed the torsion anglesτ(CMe) andτ(NMe)
separately (fully optimizing everything else) to study the effects
on r(NH), γ, andω.

In our previous work on the ADP,12 the molecule being shown
in Figure 1, we studied 48 conformers that span the mostly low-
energyæ, ψ region of the isolated molecule map. The ADP
geometry optimizations and frequency calculations were per-
formed at the B3LYP/6-31+G* level. In the present work we
have added more conformations and now have a total of 78
conformers. At each value ofæ, ψ all the other geometry
parameters were fully optimized and the frequencies and normal
modes were calculated.

In a recent paper, Schweitzer-Stenner et al.16 described this
approach as “problematic from a physical point of view” due
to the existence of nonvanishing forces associated with the
constrained angles. Since all the forces are zero except for those
related to the fixedæ and ψ dihedral angles, this does not
necessarily result in uniformly “coordinate-dependent frequen-
cies” as claimed by Schweitzer-Stenner and collaborators:
although the constraints onæ and ψ will affect the lower
frequencies, in particular those involvingæ andψ torsion, the
higher frequencies may not be affected significantly. The effect
of the constraints can be evaluated by examining the Jacobian
elements (change in frequency with change in force constant),
both in absolute value and as a function of conformation. For
the six equilibrium ADP structures of differentæ, ψ, we find
this element to be essentially zero for all∂ν(NH)/∂f(æ) and∂ν-
(NH)/∂f(ψ). Thus,ν(NH) is not influenced by constraining only
æ andψ and optimizing the structure with respect to all other
coordinates, and any changes with conformation must be
attributed to other factors.

In order to study theæ, ψ dependence of the amide modes
of the ADP, it is important to have vibrational frequencies and
eigenvectors that are as experimentally accurate as possible. It
is therefore desirable to have scaled vibrational frequencies.
Scale factors were obtained by scaling the force constants of
the lowest energy equilibrium conformer, C7eq, to reproduce
carefully assigned observed frequencies of the matrix isolated
species.17 Based on the excellent reproduction of the experi-
mental frequencies of the C7eq and C5 conformers and their

deuterated species,18 we thus had a reliable set of scale factors
that was then used to scale the frequencies of all theæ, ψ
conformers.

3. Results and Discussion

3.1.N-Methylacetamide.Our previous studies10 have shown
that departures from peptide group planarity, that is, nonzero
values ofω, lead to equilibrium departures from planarity at
the N atom, that is, to nonzero values ofγ, corresponding to
pyramidalization at this atom. We now examine the specific
geometric and spectroscopic changes associated with these
departures, as they affectν(NH), in the simple case of the single
peptide group of NMA, first for the isolated molecule and then
in the case of hydrogen bonding to the NH group. (Examination
of the appropriate Jacobian elements again shows that changes
in ν(NH) are essentially independent of constraints onω and
γ.)

3.1.1. Isolated NMA.In the first set of calculations (B3LYP/
6-31+G*), constraints were imposed onω and γ, with some
resulting geometries and the correspondingν(NH) being given
in Table 1. It is clear from these results that the NH bond
lengthens with increasing|γ| (Figure 2), almost independent of
ω (for ω ) 0° andγ ) 35.6°, ∆r(NH) ) 0.33%; forω ) 20°
andγ ) 35.6°, ∆r(NH) ) 0.25%). Associated with this bond
elongation, the NH s frequency therefore decreases: for|∆γ|
= 35° the red-shift is of the order of 30-50 cm-1. The r(NH)
dependence on the sign ofγ is slightly asymmetric (cf. the case
for ω ) 10°) since asymmetry is introduced in the peptide group
by the sign ofω. The dependence ofr(NH) on |γ| is slightly
nonlinear, probably because the equilibrium value ofγ, that is,
γo, varies withω. For example, whileγo ) 0° for ω ) 0°, γo

) 20° for ω ) 10°.10 It is also seen thatr(CN) increases and
r(CO) decreases with increasing|γ|. It is worth noting that,
whereas the samer(NH) can occur for different sets ofω and
γ, for example,ω ) 0°, γ ) 17.5°; ω ) 10°, γ ) 17.5°; and
ω ) 20°, γ ) 0°, and therefore can exhibit the sameν(NH),

Figure 1. Alanine dipeptide in theæ(C2N3C4C5) ) -180°, ψ-
(N3C4C5N6) ) 180° conformation.

TABLE 1: Bond Lengths and NH Stretch Frequencies of
N-Methylacetamide as a Function of Peptide Torsion (ω)
and NH Out-of-Plane Bend (γ) Anglesa

ωb γb r(NH)c r(CN)c r(CO)c νd

0 0.0 1.0094 1.3652 1.2291 3500
8.7 1.0096 1.3662 1.2288 3496

17.5 1.0104 1.3687 1.2283 3484
26.4 1.0115 1.3724 1.2276 3469
35.6 1.0127 1.3769 1.2266 3452

10 -35.6 1.0133 1.3801 1.2259 3442
-26.4 1.0120 1.3757 1.2268 3460
-17.5 1.0111 1.3725 1.2275 3474
-8.7 1.0105 1.3707 1.2279 3483

0.0 1.0095 1.3668 1.2287 3497
8.7 1.0098 1.3675 1.2286 3493

17.5 1.0104 1.3695 1.2282 3485
26.4 1.0113 1.3725 1.2276 3474
35.6 1.0125 1.3767 1.2268 3458

15 0.0 1.0100 1.3693 1.2281 3491
8.7 1.0100 1.3692 1.2282 3492

17.5 1.0105 1.3710 1.2278 3485
26.4 1.0114 1.3739 1.2273 3475
35.6 1.0126 1.3780 1.2265 3458

20 0.0 1.0104 1.3726 1.2274 3484
8.7 1.0101 1.3713 1.2277 3490

17.5 1.0106 1.3729 1.2275 3485
26.4 1.0115 1.3759 1.2269 3472
35.6 1.0129 1.3799 1.2264 3456

a NH stretch frequencies from B3LYP/6-31+G* calculations.b In
degrees.c In angstroms.d Scaled, in cm-1.
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their r(CN) andr(CO) can be quite different. Thus, the NH s
frequency is not necessarily a guide to the overall geometry of
the peptide group.

The dependence ofν(NH) on r(NH) is shown in Figure 3
and is seen to be, with very little variation, linear over this range
with a very small dependence onω. It is worth noting that this
linearity does not imply a constancy of the NH s eigenvector
with r(NH). Although this mode is usually thought of as being
completely localized, in fact it contains nontrivial contributions
from other coordinates, some of which change significantly with
γ. This is shown in Table 2 forω ) 0° and a plot of the variation
with γ of the NH ob component of the NH s mode eigenvector
for variousω is shown in Figure 4. In this case (as for CN
torsion (t) and NC(Me) t) the eigenvector contribution is
proportional to|γ|. This arises from the near proportionality
between the cross-term force constantf(NH s, NH ob) and|γ|.
For ω ) 0°, this force constant is zero atγ ) 0°, by planar
symmetry, and decreases (to-0.149 forγ ) 35.6°) apparently

due to the increase in the environmental asymmetry of the NH
group with the increase in|γ|. For ω * 0° but γ ) 0°, f(NH s,
NH ob) * 0, consistent with this explanation.

In another set of calculations (MP2/6-31++G**), the effects
on the geometry of other single constraints were examined
(Table 3). It is seen that even small changes inr(NH), which
might result from the elongating force of a local electric field,6

cause significant changes in the geometry of the rest of the
peptide group. On the other hand, changes inr(CO) influence
r(CN) but have essentially no effect on the other parameters.
Interestingly, isolated rotations of the end methyl groups that
correspond to a givenr(NH), for example, theτ(CMe) ) 8.3°
for ∆r(NH) ) 1.5%, have only a small effect onr(NH) but
produce comparable changes inr(CN), ω, andγ. The differences
in the (CHELPG19) charges in these cases show that the
electronic structures are not the same for these different kinds
of constraints, which should not be surprising. The molecular
dipole derivative with respect to the NH bond,∂µ/∂r(NH),
changes relatively little with∆r(NH), if anything decreasing
slightly. We will have further comments on this below.

Figure 2. NH bond length (in angstroms) ofN-methylacetamide as a
function of the nitrogen pyramidalization angleγ (in degrees) for
different values of the (Bell) peptide torsion angleω: b, 0°; ., 10°;
[, 15°; ×, 20°.

Figure 3. NH stretch frequency (in cm-1) of N-methylacetamide as a
function of the NH bond length (in angstroms) for various values of
the peptide torsion angleω: b, 0°; ., 10°; [, 15°; ×, 20°.

Figure 4. NH out-of-plane bend coordinate component of the NH
stretch eigenvector ofN-methylacetamide (NH stretch coordinate
component) 1.000) as a function of the nitrogen pyramidalization
angleγ (in degrees) for various values of the peptide torsion angleω:
b, 0°; [, 15°; ×, 20°.

TABLE 2: Eigenvector Components of the NH Stretch
Mode of Planar N-Methylacetamide as a Function of the NH
Out-of-Plane Bend (γ) Anglea,b

γc

coordinated 0 8.7 17.5 26.4 35.6

NH s 1.000 1.000 1.000 1.000 1.000
CN s -0.036 -0.035 -0.035 -0.033 -0.032
NC(Me) se -0.035 -0.034 -0.033 -0.032 -0.030
C(Me)CN de 0.053 0.053 0.053 0.052 0.051
CNC(Me) de 0.102 0.102 0.099 0.095 0.090
CO ib 0.027 0.027 0.027 0.027 0.027
NH ib 0.001 0.001 0.000 0.001 0.001
(N)CH3 r1 -0.052 0.051 -0.047 -0.043 -0.040
(N)CH3 r2 0.000 0.012 0.022 0.030 0.034
NH ob 0.000 -0.018 -0.026 -0.040 -0.053
CN t 0.000 -0.008 -0.015 -0.021 -0.027
NC(Me) te 0.000 0.008 0.016 0.023 0.029

a For the eigenvector components, the sign indicates the relative phase
of the coordinate.b PlanarN-methylacetamide,ω ) 0°. c In degrees.
d s ) stretch, d) deformation, ib) in-plane bend,23 r1 ) in-plane
rock,23 r2 ) out-of-plane rock,23 ob ) out-of-plane bend, t) torsion.
e Me ) methyl group.
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3.1.2. Hydrogen-Bonded NMA.In the case of a hydrogen-
bonded (to water) NH group, Table 4, although the variations
of r(NH) with |γ| are roughly the same as for the nonbonded
group, there is a small inverse dependence onω: for ω ) 0°,
γ ) 35.6°, ∆r(NH) ) 0.33% for NMA and 0.23% for NMA-
H2O, whereas forω ) 15°, γ ) 35.6°, ∆r(NH) ) 0.26% for
NMA and 0.27% for NMA-H2O. The frequency shifts withγ
and variations withω are also different: for NMA, the shift
from γ ) 0° to γ ) 35.6° is 48 cm-1 (1.4%) for ω ) 0° and
33 cm-1 (1%) for ω ) 15°, whereas for NMA-H2O the
comparable shifts are 29 cm-1 (0.8%) and 40 cm-1 (1.2%). This
emphasizes the complex nature of the dependence ofν(NH) on
peptide group geometry and environmental factors such as those
involved in HB interactions.

3.2. Alanine Dipeptide.3.2.1. OVerall Energies, Geometries,
and Frequencies.We present in Figure 5 (and in the Supporting
Information) the relative energies of the conformers as a function
of æ andψ. In Table 5 we list some geometric parameters and
ν(NH) of peptide group 1 (C2O8-N3H9) for each conformer,
with a vibrational frequency map in Figure 6. Similar results
are given for peptide group 2 (C5O10-N6H11) in Table 6 and
Figure 7.

A glance at these data immediately shows thatr(NH), and
thusν(NH), varies significantly withæ andψ. The interesting
question is whether, from this wealth of data and in view of
the composite nature of an ab initio result, we can infer the
role of obvious physical factors that determiner(NH) and ν-
(NH). In this context we should at least consider the following.
(1) Since NH1 (N3H9) and NH2 (N6H11) are in different local
chemical environments, it is possible that their behavior may
be somewhat different. This suggests examining NH1 and NH2
separately. (2) Based on the NMA results, we can expect that
r(NH) will depend onγ, that is, the extent of pyramidalization,
but it will also be influenced by other factors, such as nonbonded
(van der Waals and electrostatic) interactions and neighboring
(non-HB-involved) electric fields.6,9 (3) The dependence ofν-
(NH) solely on r(NH) is based on the nature of the NH s
eigenvector: if internal coordinates other than those associated

TABLE 3: Geometric Parameters, Atomic Charges, and Dipole Derivatives ofN-Methylacetamide as a Function of NH and CO
Bond and Methyl Group Torsion Constraintsa

∆r(NH) ∆r(CO) τ(CMe)b τ(NMe)c

coordinate 0% 0.5% 1.5% 2.0% 1.0% 8.3° 170.9°

r(NH) 1.0061 1.0111 1.0212 1.0262 1.0062 1.0067 1.0066
r(CN) 1.3639 1.3657 1.3661 1.3663 1.3618 1.3656 1.3656
r(CO) 1.2379 1.2376 1.2376 1.2376 1.2503 1.2376 1.2376
ωd 0.0 1.6 1.7 1.7 0.0 1.4 1.5
γe 0.1 11.1 12.2 12.8 0.1 10.6 10.6
τ(CMe)b 0.0 7.0 8.3 8.9 0.0 8.3 6.4
τ(NMe)c 179.9 171.3 170.9 170.7 179.9 171.6 170.9

CHELPG Chargesf

q(N) -0.578 -0.619 -0.625 -0.631 -0.591 -0.618 -0.618
q(H) 0.320 0.331 0.332 0.332 0.326 0.332 0.331
q(C) 0.757 0.787 0.794 0.798 0.760 0.788 0.788
q(O) -0.585 -0.592 -0.593 -0.593 -0.589 -0.592 -0.591
q(C)(NMe) 0.014 0.068 0.073 0.086 0.043 0.064 0.066
q(H) 0.060 0.046 0.044 0.042 0.051 0.046 0.046
q(H) 0.062 0.059 0.058 0.055 0.063 0.059 0.059
q(H) 0.061 0.042 0.040 0.036 0.050 0.043 0.042
q(C)(CMe) -0.498 -0.522 -0.533 -0.535 -0.508 -0.528 -0.530
q(H) 0.139 0.144 0.146 0.146 0.142 0.145 0.146
q(H) 0.109 0.113 0.115 0.116 0.111 0.114 0.115
q(H) 0.139 0.145 0.148 0.148 0.143 0.146 0.146

Dipole Derivativeg

∂µ/∂r(NH) 0.165 0.156 0.152 0.149

a MP2/6-31++G** calculations.b τ(CMe)dHCCN, in degrees.c τ(NMe)dHCNC, in degrees.d ω ) Bell’s torsion angle (see text), in degrees.
e γ ) out-of-plane bend angle, in degrees.f In electrons.g In electrons.

TABLE 4: Bond Lengths and NH Stretch Frequencies of
N-Methylacetamide-H2O as a Function of Peptide Torsion
(ω) and NH Out-of-Plane Bend (γ) Anglesa

ωb γb r(NH)c r(CN)c r(CO)c νd

0 0.0 1.0142 1.3610 1.2321 3435
8.7 1.0145 1.3616 1.2321 3432

17.5 1.0149 1.3637 1.2316 3426
26.4 1.0156 1.3671 1.2308 3418
35.6 1.0165 1.3713 1.2300 3406

15 0.0 1.0144 1.3636 1.2315 3433
8.7 1.0147 1.3641 1.2315 3429

17.5 1.0153 1.3658 1.2311 3421
26.4 1.0160 1.3689 1.2304 3413
35.6 1.0171 1.3727 1.2298 3399

a B3LYP/6-31+G* calculations.b In degrees.c In angstroms.d Scaled,
in cm-1.

Figure 5. Relative energy map, in kcal/mol, of conformers of the
alanine dipeptide as a function ofæ(CNCRC) and ψ(NCRCN) (in
degrees).
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with pyramidalization, as in NMA, contribute and change as a
function of backbone conformation,ν(NH) could vary from
other regularr(NH) relationships. (A similar effect could occur
if transition dipole coupling20-22 or unusual kinetic coupling
were involved between the two NH groups.) (4) Of course,

formation of a HB type of interaction will have a significant
effect onr(NH). We pay particular attention tor(H‚‚‚O) < 2.5
Å as an indication of such interactions. Although other factors
such as anharmonicity and Fermi resonance can influenceν-
(NH), we do not consider these in the present analysis.

TABLE 5: Geometric Parameters and NH Stretch Frequencies in Peptide Group 1 as a Function ofæ, ψ Angles in Conformers
of the Alanine Dipeptide

æ, ψa ωb γc r(NH)d r(CN)d r(CO)d ν(NH)e H9‚‚‚O10
d

-180, 180 2.4 -3.3 1.0154 1.3619 1.2321 3406 2.09
145 -0.3 -19.4 1.0152 1.3665 1.2307 3410 2.24
120 -0.4 -26.2 1.0148 1.3720 1.2288 3416 2.45
90 1.0 -28.2 1.0144 1.3762 1.2271 3418 2.85
60 2.0 -27.5 1.0140 1.3779 1.2260 3419 5.31
30 1.6 -33.4 1.0152 1.3828 1.2246 3401 3.63
0 0.4 -40.0 1.0167 1.3883 1.2234 3377 3.82

-90 4.0 16.0 1.0120 1.3710 1.2280 3449 2.86
-145 5.2 13.1 1.0145 1.3651 1.2310 3419 2.17

-165,-44 (R′) 3.1 22.1 1.0123 1.3749 1.2266 3442 3.55
-155, 159 (C5) 0.8 5.4 1.0144 1.3625 1.2319 3423 2.21

-134, 180 3.5 27.0 1.0159 1.3708 1.2301 3400 2.17
145 -1.3 11.6 1.0138 1.3659 1.2310 3434 2.35
120 0.6 0.0 1.0127 1.3666 1.2306 3448 2.61
90 1.1 -11.7 1.0127 1.3699 1.2296 3444 3.04
60 1.7 -15.8 1.0130 1.3729 1.2284 3437 3.51
30 0.6 -20.0 1.0134 1.3775 1.2264 3430 3.86
0 -1.2 -27.4 1.0145 1.3829 1.2245 3414 4.06

-90 -1.6 9.4 1.0114 1.3718 1.2271 3455 3.30
-145 2.9 31.6 1.0141 1.3757 1.2282 3422 2.35

-113, 13 (â2) 0.9 -16.6 1.0129 1.3769 1.2263 3436 4.09
-90, 180 0.6 31.6 1.0140 1.3796 1.2271 3426 2.59

145 2.9 26.5 1.0136 1.3744 1.2291 3435 2.64
120 3.6 17.8 1.0126 1.3699 1.2308 3448 2.89
90 4.2 2.7 1.0117 1.3639 1.2344 3457 3.35
60 5.2 -6.7 1.0120 1.3608 1.2362 3451 3.78
30 6.7 -9.6 1.0120 1.3634 1.2336 3448 4.07
0 2.0 -11.1 1.0121 1.3742 1.2269 3447 4.26

-50 -1.1 -20.2 1.0128 1.3786 1.2239 3431 4.33
-90 -3.8 22.4 1.0134 1.3820 1.2229 3427 3.61

-145 -3.2 30.8 1.0140 1.3834 1.2246 3419 2.88
-83, 75 (C7eq) 3.8 -0.1 1.0119 1.3613 1.2362 3452 3.59

-60, 180 -3.6 36.8 1.0150 1.3868 1.2244 3406 2.92
145 1.6 29.6 1.0134 1.3758 1.2283 3432 2.98
120 1.7 24.4 1.0129 1.3707 1.2307 3439 3.17
90 -0.8 21.6 1.0133 1.3668 1.2339 3431 3.48
60 -0.7 15.9 1.0130 1.3622 1.2362 3433 3.86
30 2.3 8.0 1.0122 1.3599 1.2365 3444 4.16
0 4.8 0.8 1.0116 1.3635 1.2328 3453 4.33

-40 (RR) 0.4 -10.5 1.0120 1.3732 1.2258 3447 2.95
-90 -3.9 22.7 1.0135 1.3824 1.2208 3420 4.01

-145 -12.0 40.4 1.0169 1.3980 1.2204 3376 3.15
-30, 180 -16.7 42.2 1.0159 1.3993 1.2204 3384 3.29

145 -6.8 33.9 1.0141 1.3820 1.2256 3416 3.33
120 -4.1 26.8 1.0132 1.3736 1.2280 3428 3.51
90 -6.5 25.1 1.0132 1.3703 1.2303 3425 3.78
60 -7.0 20.8 1.0125 1.3656 1.2344 3433 4.08
30 -3.3 11.8 1.0116 1.3624 1.2357 3444 4.30
0 1.1 3.4 1.0117 1.3612 1.2354 3443 4.40

-30 2.3 1.6 1.0119 1.3647 1.2317 3444 4.45
-60 1.0 -3.2 1.0119 1.3707 1.2267 3445 4.41
-90 7.3 -22.5 1.0133 1.3773 1.2234 3423 4.23

-145 -22.3 42.7 1.0167 1.4066 1.2155 3368 3.61
0, 180 -23.2 34.9 1.0134 1.4009 1.2154 3408 3.78

90 -4.1 13.9 1.0122 1.3710 1.2270 3440 4.12
60 -3.8 5.7 1.0119 1.3656 1.2309 3443 4.36
20 -1.9 3.2 1.0120 1.3614 1.2355 3437 4.43
0 0.6 -0.2 1.0123 1.3609 1.2359 3435 4.42

-30 4.0 -5.2 1.0125 1.3614 1.2351 3433 4.40
-50 5.5 -8.5 1.0125 1.3632 1.2332 3434 4.36
-90 4.4 -14.3 1.0123 1.3711 1.2270 3439 4.10

30, 30 -2.6 3.3 1.0116 1.3634 1.2326 3448 4.46
0 -0.9 -0.4 1.0117 1.3602 1.2359 3445 4.40

-30 2.6 -7.9 1.0116 1.3609 1.2361 3446 4.29
-60 6.0 -16.7 1.0117 1.3639 1.2346 3446 4.11
-90 6.1 -22.8 1.0119 1.3696 1.2305 3443 3.79
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3.2.2. Peptide Group 1.A striking feature ofν(NH1) is that
it can vary by almost 100 cm-1 among conformations in which
group 1 clearly does not participate in any HBs, viz., 3368 cm-1

(for -30,-145) to 3463 cm-1 (for 61,90). In fact, none of the
most “red-shifted” frequencies, viz., 3368 (-30,-145), 3376
(-60,-145), 3377 (-180,0), and 3384 (-30,180) cm-1, involve
structures with HBs, but they do have large|γ| (of the order of
40°) and thus are dominated by the pyramidalization lengthening
of r(NH), as in NMA. Examination of these structures reveals
that the large|γ| is a result of two main effects: in the case of
-180,0, H9 and H11 are unacceptably close (2.05 Å) and, even
thoughω1 ∼ 0°, γ1 ) -40° to relieve the steric and electrostatic
repulsions (in the case of NH2, a smallerγ, 26.8°, is possible
becauseω2 ) 10°); in the other cases, O8 and O10 come close
(2.80, 3.51, and 2.81 Å, respectively), and the strain is relieved
primarily by changes inω with accompanying changes inγ.10

However, a general expectation thatr(NH) relates only toγ, in
the simple way of NMA (cf. Figure 2), is countered by the data,
as shown in Figure 8, and it is therefore not surprising that a
ν(NH)-r(NH) plot, Figure 9, while showing the expected trend,
exhibits significantly more variation than the simple plot of
NMA (cf. Figure 3). We return below to a discussion of possible
reasons for this behavior.

At the “blue-shifted” end of the frequency range (g3460
cm-1), other factors operate to decreaser(NH) and therefore to

increaseν(NH). For example, for the 61,90 structure (Figure
10) the H9‚‚‚H11 and O8‚‚‚O10 distances are long (3.19 and 3.18
Å respectively) andγ is small,-6.3°, but the dipolar electric
field of peptide group 2 at peptide group 1 is such that the field
and the N3 f H9 dipole derivative are antiparallel. As we,6,9

and others,5 have shown, this results in a contracting force on
this bond, leading to its shortening and thus the increase in its
frequency. While this effect had previously been discussed in
connection with hydrogen bonding, it is clear that it operates
in general9 and thus needs to be incorporated in thinking about
physical factors that govern structural change.

The same kind of interaction, but in a parallel orientation of
the dipolar electric field and dipole derivative, can account for
the generally longerr(NH), and therefore lowerν(NH), 3400-
3434 cm-1, of the eight structures for whichr(H9‚‚‚O10) < 2.5
Å (which mainly fall in a separate category in ther-γ plot,
Figure 8). Although such structures, as exemplified by the
-180,180 conformer (Figure 1), have been spoken of in terms
of a “hydrogen bond” between N3H9 and C5O10, there are good
reasons not to characterize it as such: the nearly parallel bonds
contrast with the roughly colinear arrangements in standard HBs,
the H9‚‚‚O10 distances (2.09-2.45 Å) are significantly longer
than those of typical HBs (compare these to the 1.72-1.79 Å
of the strong HBs of peptide group 2), and the “red-shift” is
considerably smaller (we consider below the assignment of an
“unperturbed”ν(NH1)). In fact, in the spirit that such shifts
result from the same kinds of forces on X-H bonds which,
together with steric repulsion, determine their spectroscopic
characteristics,9 we should consider all of these “bonds” to
partake of the same nature, from blue-shifted CH s in C-H‚‚
‚O groups,9 through slightly red-shifted NH s in the ADP’s
group 1, to strongly red-shifted NH s in “standard” N-H‚‚‚O
interactions. There is, however, a special consequence of the
NH‚‚‚OC interaction in the current case: as found previously,3

the CNH angle increases with decreasingr(H‚‚‚O) in such ADP
structures, probably mainly as a result of the electrostatic
interaction between the positive H9 and negative O10. As seen
in Table 7 for theæ ) -180° structures, the related symmetry
coordinate, the NH in-plane bend23 (ib) angle, increases by about
7° as the conformation approaches the “hydrogen-bonded”
structure, with an increasingr(NH) and an increase in the
contribution of NH ib to the NH s eigenvector. This is associated
with an increase inf(NH s, NH ib), which is probably a result
of the increasingly asymmetric environment in which this motion
takes place, it being nearly symmetric in NMA and thus resulting
in f(NH s, NH ib) = 0. (As in the case of NMA, the NH ob
contribution to the NH s mode increases with|γ|.) The trend
of r(NH) with γ is counter to that of NMA and is due to at

TABLE 5: (Continued)

æ, ψa ωb γc r(NH)d r(CN)d r(CO)d ν(NH)e H9‚‚‚O10
d

61, 145 10.4 -35.7 1.0142 1.3930 1.2209 3410 3.25
120 9.5 -31.8 1.0137 1.3909 1.2198 3417 3.59
90 1.4 -6.3 1.0102 1.3766 1.2222 3463 4.14
60 -1.8 21.2 1.0122 1.3769 1.2244 3440 4.40
30 -1.7 14.0 1.0114 1.3745 1.2264 3453 4.44
0 -5.7 7.1 1.0111 1.3632 1.2335 3460 4.35

-30 -3.6 -2.4 1.0109 1.3604 1.2365 3460 4.17
-60 -1.0 -10.0 1.0111 1.3620 1.2362 3458 3.91
-90 -0.9 -16.1 1.0111 1.3657 1.2338 3460 3.52

-120 -2.7 -21.3 1.0110 1.3698 1.2305 3462 3.14
73, 17 (RL) -4.0 16.3 1.0115 1.3754 1.2265 3453 4.40

73,-55 (C7ax) -4.7 0.6 1.0107 1.3610 1.2365 3465 3.93

a Torsion angles:æ ) τ(C2N3C4C5), ψ ) τ(N3C4C5N6), in degrees.b Peptide group (Bell’s) torsion angle, in degrees.c NH out-of-plane bend
angle, in degrees. The sign ofγ is defined as follows: referring to Figure 1, in the planar sequence C2-N3H9-C4, positiveγ corresponds to the
displacement of H in the direction of a right-handed screw advancing with a rotation of H9-C2-C4. d In angstroms.e In cm-1.

Figure 6. NH1 stretch vibrational frequency map (in cm-1) of
conformers of the alanine dipeptide as a function ofæ(CNCRC) and
ψ(NCRCN) (in degrees).
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least two causes, the increasing electrical force that elongates
the bond and the intrinsic contribution from the cross-term force
constantf(NH s, NH ib) which, being negative, also leads to
an elongating force on the NH bond as the NH ib angle

increases. These results emphasize the many factors that
determine ther-γ and r-ν relationships in peptide systems.

Another feature of the “hydrogen-bonded” structures is seen
in the values of∂µ/∂r(NH1). In Figure 11 we show the values

TABLE 6: Geometric Parameters and NH Stretch Frequencies in Peptide Group 2 as a Function ofæ, ψ Angles in Conformers
of the Alanine Dipeptide

æ, ψa ωb γc r(NH)d r(CN)d r(CO)d ν(NH)e H11‚‚‚O8
d

-180, 180 -0.8 -4.4 1.0100 1.3560 1.2324 3476 5.24
145 -2.4 2.0 1.0104 1.3565 1.2318 3470 5.06
120 -1.4 -1.8 1.0101 1.3571 1.2313 3475 4.89
90 0.4 -3.5 1.0105 1.3597 1.2293 3470 4.62
60 -0.4 1.3 1.0111 1.3626 1.2270 3463 4.42
30 2.6 16.5 1.0122 1.3672 1.2262 3447 4.39
0 10.0 26.8 1.0126 1.3725 1.2262 3437 4.56

-90 -2.2 -5.4 1.0095 1.3588 1.2305 3483 4.85
-145 2.2 0.9 1.0085 1.3540 1.2333 3496 5.25

-165,-44 (R′) -4.1 18.2 1.0124 1.3701 1.2260 3443 4.71
-155, 159 (C5) -3.2 -3.6 1.0106 1.3568 1.2321 3468 4.93

-134, 180 -1.9 -8.6 1.0104 1.3581 1.2320 3470 5.00
145 -4.0 -6.5 1.0107 1.3577 1.2319 3467 4.53
120 -2.2 -6.7 1.0106 1.3582 1.2315 3469 4.13
90 0.2 -8.3 1.0115 1.3605 1.2299 3457 3.62
60 -1.5 -6.1 1.0112 1.3606 1.2288 3463 3.43
30 -1.6 6.6 1.0108 1.3598 1.2290 3467 3.63
0 3.9 17.8 1.0119 1.3627 1.2285 3448 3.98

-90 -4.7 -14.2 1.0087 1.3670 1.2267 3471 5.31
-145 1.5 -4.2 1.0087 1.3578 1.2316 3493 5.31

-113, 13 (â2) 0.1 10.7 1.0107 1.3584 1.2295 3468 3.40
-90, 180 -2.9 -14.6 1.0110 1.3631 1.2283 3460 4.70

145 -6.0 -14.6 1.0115 1.3606 1.2301 3456 3.89
120 -5.2 -16.7 1.0120 1.3602 1.2304 3453 3.23
90 -3.6 -18.1 1.0157 1.3604 1.2295 3404 2.40
60 1.5 2.8 1.0172 1.3558 1.2302 3369 2.11
30 5.3 22.0 1.0143 1.3603 1.2290 3420 2.31
0 1.3 13.5 1.0101 1.3570 1.2296 3476 3.06

-50 7.1 23.3 1.0124 1.3682 1.2255 3441 4.11
-90 -5.4 -14.0 1.0100 1.3691 1.2253 3473 5.26

-145 0.4 -6.6 1.0086 1.3627 1.2279 3493 5.27
-83, 75 (C7eq) -2.2 -12.1 1.0178 1.3568 1.2304 3363 2.09

-60, 180 -3.7 -18.4 1.0116 1.3659 1.2258 3451 4.48
145 -7.2 -21.0 1.0118 1.3625 1.2279 3451 3.54
120 -8.1 -25.3 1.0127 1.3610 1.2294 3445 2.81
90 -8.0 -24.7 1.0167 1.3581 1.2311 3387 2.11
60 -2.2 -4.9 1.0191 1.3509 1.2326 3325 1.87
30 6.0 19.8 1.0190 1.3539 1.2317 3325 1.87
0 10.1 28.5 1.0126 1.3596 1.2299 3444 2.16

-40 (RR) 4.6 21.6 1.0119 1.3624 1.2260 3449 2.68
-90 0.2 6.0 1.0095 1.3683 1.2234 3477 4.84

-145 -0.6 -11.1 1.0089 1.3661 1.2255 3489 5.16
-30, 180 -5.7 -22.5 1.0125 1.3718 1.2235 3439 4.65

145 -7.8 -23.4 1.0120 1.3655 1.2260 3447 3.67
120 -6.8 -27.2 1.0120 1.3627 1.2273 3449 3.03
90 -9.6 -31.2 1.0141 1.3598 1.2298 3425 2.26
60 -9.3 -21.1 1.0207 1.3514 1.2327 3300 1.84
30 -1.1 2.7 1.0225 1.3442 1.2345 3248 1.75
0 9.0 22.5 1.0211 1.3496 1.2330 3283 1.79

-30 13.6 32.2 1.0132 1.3616 1.2290 3433 2.10
-60 4.9 28.2 1.0126 1.3673 1.2246 3437 2.91
-90 5.2 25.7 1.0123 1.3689 1.2237 3442 3.61

-145 1.5 -6.7 1.0080 1.3694 1.2218 3499 5.31
0, 180 -6.7 -23.7 1.0123 1.3795 1.2185 3438 5.13

90 -3.5 -29.8 1.0125 1.3662 1.2244 3440 2.93
60 -12.9 -34.8 1.0145 1.3634 1.2274 3416 2.11
20 -8.0 -14.8 1.0243 1.3445 1.2343 3221 1.74
0 -0.5 0.7 1.0247 1.3410 1.2355 3210 1.72

-30 10.5 22.3 1.0230 1.3485 1.2337 3255 1.78
-50 15.0 32.4 1.0191 1.3584 1.2310 3338 1.92
-90 5.1 30.7 1.0121 1.3658 1.2259 3445 2.90

30, 30 -15.1 -32.9 1.0143 1.3622 1.2286 3415 2.03
0 -9.3 -20.5 1.0216 1.3485 1.2334 3274 1.78

-30 1.3 0.1 1.0224 1.3435 1.2353 3255 1.76
-60 10.2 22.4 1.0205 1.3518 1.2338 3305 1.85
-90 11.2 31.9 1.0138 1.3602 1.2308 3430 2.25
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of this dipole derivative as a function ofr(NH) for some of the
conformers. It is clear that the values fall in two groups: those
in which ∂µ/∂r(NH1) decreases essentially linearly withr; and
another set which show a generally increasing∂µ/∂r(NH1) with
r. In the first set are structures for whichr(H9‚‚‚O10) > 3 Å,
and thus any interaction between peptide group 2 and NH1 is
minimal. This represents the behavior of theintrinsic dipole
derivative and is seen to be similar to that in NMA, with similar
values and (if more pronounced) negative slope. In the second
set are structures for whichr(H9‚‚‚O10) < 3 Å, corresponding
to some of the “hydrogen-bonded” structures:r(H9‚‚‚O10) )
2.61, 2.17, 2.17, and 2.09 Å for points atr(NH1) ) 1.0127
(-134,120), 1.0145 (-180,-145), 1.0159 (-134,180), and
1.0154 (-180,180) Å, respectively. In these cases the enhanced
electrical interaction with peptide group 2 and the consequent
increase in theinduced∂µ/∂r (which is determined by the NH1
polarizability derivative as well as the external electric field
due to group 2) with smallerr(H9‚‚‚O10),6 which adds to the
parallelintrinsic ∂µ/∂r, leads to a total∂µ/∂r whose behavior is
increasingly dominated by theinduced∂µ/∂r. We will see this
effect demonstrated much more dramatically for∂µ/∂r(NH2).

Our use of the terms “red-shifted” and “blue-shifted”
frequencies implies that it is meaningful and possible to identify
unperturbed NH1 s modes and therefore to infer the nature of
physical factors that produce shifts from these frequencies. With

NMA as a guide, we should be justified in this respect in
selecting conformations in whichω andγ are close to zero, no
strong HB to the group is involved, and the NH1 ib and NH2

TABLE 6: (Continued)

æ, ψa ωb γc r(NH)d r(CN)d r(CO)d ν(NH)e H11‚‚‚O8
d

61, 145 0.3 14.2 1.0115 1.3695 1.2239 3452 5.21
120 0.9 9.9 1.0103 1.3700 1.2235 3467 5.29
90 -2.0 -14.3 1.0109 1.3714 1.2217 3458 4.69
60 -5.0 -24.3 1.0128 1.3696 1.2228 3437 3.62
30 -4.0 -19.3 1.0103 1.3608 1.2270 3472 2.90
0 -11.7 -28.7 1.0143 1.3592 1.2301 3419 2.10

-30 -5.6 -17.3 1.0190 1.3523 1.2326 3325 1.88
-60 3.3 7.5 1.0189 1.3510 1.2336 3329 1.89
-90 9.0 25.8 1.0161 1.3586 1.2316 3397 2.14

-120 6.6 23.4 1.0112 1.3586 1.2300 3463 2.92
73, 17 (RL) -3.9 -16.6 1.0098 1.3580 1.2287 3480 2.86

73,-55 (C7ax) 0.5 0.2 1.0186 1.3520 1.2327 3337 1.94

a Torsion angles:æ ) τ(C2N3C4C5), ψ ) τ(N3C4C5N6), in degrees.b Peptide group (Bell’s) torsion angle, in degrees.c NH out-of-plane bend
angle, in degrees. The sign ofγ is defined as follows: referring to Figure 1, in the planar sequence C5-N6H11-C7, positiveγ corresponds to the
displacement of H in the direction of a right-handed screw advancing with a rotation of H11-C7-C5. d In angstroms.e In cm-1.

Figure 7. NH2 stretch vibrational frequency map (in cm-1) of
conformers of the alanine dipeptide as a function ofæ(CNCRC) and
ψ(NCRCN) (in degrees).

Figure 8. NH1 bond length (in angstroms) of conformers of the alanine
dipeptide, as a function of the nitrogen pyramidalization angleγ (in
degrees).

Figure 9. NH1 stretch frequency (in cm-1) of conformers of the alanine
dipeptide as a function of the NH1 bond length (in angstroms).
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s contributions to the NH1 s eigenvector (the NH1 s coordinate
contribution taken as 1.000) are small, as are other coordinate
contributions. No single conformer satisfies all of these criteria,
but some are close; givingω, γ, NH ib, NH2 s, andν, we find
for 0,60: -3.8, 5.7, 0.000,-0.025, 3443;-134,120: 0.6, 0,
-0.018, 0.027, 3448;-90,90: 4.2, 2.7,-0.003,-0.010, 3457.
These results suggest that frequencies in the range of 3450(
10 cm-1 probably represent minimally perturbed NH1 s modes,
and thus give some quantitative basis for designating our
maximally red-shifted (82 cm-1) and blue-shifted (13 cm-1)
frequencies.

Returning to the spread in ther-γ (Figure 8) andν-r (Figure
9) relations, there is one other important contributing factor in
addition to the influence of nonbonded and electric field-induced
effects, viz., conformationally sensitive variations in the NH s
eigenvector. In comparing contributions to this eigenvector of
other coordinates in the ADP as a function ofæ andψ, we find
the following:

(1) CN s, NCR s, C(Me)CN deformation (d), CNCR d, and
CO ib show only small variations, as in NMA (Table 2).

(2) The magnitude of NH ib is quite variable, from 0 to 0.048,
with no clear dependence onγ.

(3) NH ob, CN t, and NCR t again show the linear dependence
on γ.

(4) New coordinates in the ADP show large regular variations
with æ andψ, with no clear dependence onγ: thus NCRC d
varies between 0.003 and 0.034, HR bend1 (b1) varies between
0.002 and 0.020, HR b2 varies between 0.002 and 0.033, Câ b1
varies between 0.000 and 0.048, and Câ b2 varies between 0.001
and 0.032. The complex combination of these various influences
on r(NH) andν(NH) undoubtedly superimposes on the simple
features in NMA, represented in Figures 2 and 3, to produce
the bands of values in the ADP, as seen in Figures 8 and 9.

An important result of the analysis of the NH1 s normal mode
of the ADP conformers is that this frequency, even in the
absence of standard hydrogen bonding, can vary over a range
of almost 100 cm-1. While this may be counterintuitive for a
“localized vibration”, the reality is that such modes are not
totally isolated from the internal structural environment, and
caution is needed in assigning simple causes to observed
frequency shifts. An important consequence, which should not
be surprising in view of our previous discussion, is that a
particular value ofν(NH) does not necessarily correlate with a
specific r(NH) or with a peptide group structure. A good
example of this is given by the four structures at-134,120,
-90,120,-90,30, and 30,30, all of which haveν(NH) ) 3448
cm-1 but varyingr(NH1) (1.0127, 1.0126, 1.0120, and 1.0116
Å) and other peptide geometry parameters.

3.2.3. Peptide Group 2.In contrast to NH1 s, the frequency
range for NH2 s is much larger, from 3210 cm-1 (for 0,0) to
3499 cm-1 (for 30,-145). The significant extension to lower
frequencies is a consequence of the formation of traditional HBs,
as usually exemplified by the C7eq and C7ax structures.24

However, it is important to note that these two structures,
although at energy minima25 (Figures 5 and 7), do not form the
strongest HBs, having NH s frequencies of 3363 (C7eq) and
3337 (C7ax) cm-1: a group of higher energy structures centered
around a diagonal from-30,30 to 30,-30 (Figure 7), all have
frequencies below 3300 cm-1. Of course, HB strength (i.e.,
favorable energy) is only one component of the total energy,
and it is important to keep this in mind in evaluating spectro-
scopic results.

In the case of NH1, it seemed possible to identify a frequency
region of relatively “unperturbed” NH s frequencies. Is the same
possible for NH2 s modes, thus enabling some physical insights
into the sources of frequency shifts from this region? Again
using NMA as a guide (except that its unperturbed frequency
of 3500 cm-1 does not reflect the possible influence of the CH3

side chain in the ADP), we should target conformations in which
ω and γ are close to zero, no HB type of interaction to the
group is involved, and the NH2 ib and NH1 s contributions to
the NH2 s eigenvector are small. In addition, since the (N)CH3

rock2 (r2)23 contribution in NMA varies significantly withγ
(Table 2), we should require this contribution to be small.
Several conformers fall in this range; givingω, γ, NH2 ib, NH1
s, (N)CH3 r2, andν, we find for -180,90: 0.4,-3.5, 0.005,
-0.003, -0.008, 3470;-180,60:-0.4, 1.3, 0.010,-0.002,
0.003, 3463;-180,-90: -2.2, -5.4, 0.004,-0.004,-0.010,
3483. This suggests that frequencies in the range of 3473( 10
cm-1 probably represent “minimally perturbed” NH2 s modes,
indicating that frequencies at the high end, that is,g3490 cm-1,
are blue-shifted. Although it may seem contradictory, we
actually find structures that satisfy the above “unperturbed”
criteria and yet have blue-shifted frequencies,-180,-145: 2.2,
0.9, 0.004,-0.007, 0.003, 3496; and-90,-145: 0.4,-6.6,
0.000, 0.001,-0.010, 3493. However, the cause of the shortened
r(NH), and therefore highν(NH), of these structures is revealed
by an examination of the environment of NH2: the distance
between H11 and one of the (Câ)Hâ atoms is very short, 2.07 Å
in the first case and 2.09 Å in the second, and steric repulsion
undoubtedly leads to some bond contraction.8,9 In fact, all of
the ψ ) -145° conformations have such a close contact, and
it can be seen from Table 6 that all such conformers have the
highestν(NH).

Examining relationships similar to those for NH1, we find
the following.

(1) A plot of r(NH2) versusγ exhibits two behavior classes:
for conformers with H11‚‚‚O8 > 2.5 Å, the plot is similar to
that of Figure 8 but with a slightly smaller spread; for H11‚‚‚O8

< 2.5 Å, the points show no obvious pattern, although for this
distance<2.00 Å, all of the points, fromγ ) -20° to > 30°,
fall abover(NH) ) 1.0180 Å.

(2) A plot of ν(NH) versusr(NH), Figure 12, exhibits two
regions of different slopes. This seems to be associated with
the increasing contribution of NH ib to the NH s eigenvector:
for structures in ther(NH) ) 1.0075 tor(NH) ∼ 1.0160 Å
region, the NH ib eigenvector contribution is generally and
variably< 0.020; for structures with longerr(NH), correspond-
ing to the formation of stronger HBs, this contribution steadily
increases to 0.050 as H11‚‚‚O8 decreases. As in the case of
peptide group 1 (see Table 7), this increase follows an increase
in f(NH s, NH ib), from 0.014 (for-180,-145) to 0.146 (for
0,0). Also, as in the case of peptide group 1, this is due to the
increasing local asymmetry associated with the HB environment
of the NH group. The positive sign of this force constant, as
contrasted with its negative sign in peptide group 1 (Table 7),
is consistent with its positive sign and magnitude, 0.007, in the

Figure 10. Alanine dipeptide in theæ ) 61°, ψ ) 90° conformation.
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similar surroundings of NMA (in which, however, the environ-
ment is more symmetric). We note, however, that the value of
f(NH s, NH ib) is not always a dominating factor in determining
ν(NH): although these values are similar for NH1 at-180,-
180 (-0.153) and NH2 at 0,0 (0.146), the bond lengths (and
frequencies) are quite different, 1.0154 (3406 cm-1) and 1.0247
Å (3210 cm-1), respectively. This may be due (in addition to
the different chemical environments) to the much larger elongat-
ing force on NH2 from the closer dipolar electric field of group
1 in the latter case than in the former.6,9 (Note that the large
bond elongation in the second case occurs despite the large

contracting force due to the repulsive interaction associated with
the short H‚‚‚O distance, 1.72 Å, at least as compared to those
of the low-energy equilibrium structures C7eq (2.09 Å) and
C7ax (1.94 Å).)

(3) The NH ob contribution to the NH s eigenvector is still
proportional to|γ|, as for NH1 (Figure 4), but its effect onr(NH)
can be overwhelmed by other factors, such as hydrogen
bonding: compare, both atγ ) 22°, r(NH2) ) 1.0143 Å for
-90,30 andr(NH2) ) 1.0230 Å for 0,-30. In fact, in the group
of non-hydrogen-bonded structures represented in the left-hand
part of Figure 12, the trend to longerr(NH) roughly follows
increases in|γ|.

(4) Even for typical hydrogen-bonded groups, constancy of
ν(NH) does not imply constancy ofr(NH) or peptide structure
and therefore constancy of HB strength. Good examples of this
are the pairs of structures 0,-30 and 30,-30 as well as 0,-50
and 73,-55.

(5) The∂µ/∂r(NH2), Figure 11, again fall into two groups:
those in which∂µ/∂r decreases essentially linearly withr(NH),
representing theintrinsic ∂µ/∂r, in fact falling in the same curve
as that for∂µ/∂r(NH1) (ther(NH2) ) 1.0080 Å point for-30,-
145, corresponds to a maximally blue-shifted mode arising from
a contracting electric field-dipole derivative interaction6); and
those corresponding to the formation of increasingly strong
standard hydrogen bonds. As noted in connection with NH1,
such interactions lead to a dominance of theinduceddipole
derivative, which is always associated with a positive second
dipole derivative,6 and thus the total∂µ/∂r of these NH bonds
increases at a huge rate asr(NH2) increases (with smallerr(H11‚
‚‚O8)). Since the intensity of an infrared band is proportional
to the square of∂µ/∂r, it is understandable how hydrogen
bonding leads to large increases in the intensity ofν(XH) bands.

4. Conclusions

The structural and vibrational analyses ofN-methylacetamide
and 78 conformers of the alanine dipeptide have provided deeper
insights into the many physical factors that determine the
spectroscopic shifts in the frequencies of their NH stretch modes.
Despite claims to the contrary,16 examination of Jacobian
elements show that these conclusions are not affected by the
constraints imposed on theæ andψ torsion angles of the ADP
structures in these studies.

The up to∼300 cm-1 red-shifts ofν(NH2) of the ADP that
can result from the participation of this group in the standard
type of hydrogen bond are not surprising (although it may be
surprising to realize that shifts of only about half of this
magnitude are associated with the HBs of the “typical” C7eq
and C7ax equilibrium structures). However, the∼100 cm-1

variation inν(NH1), which is not involved in standard hydrogen
bonding, as a function ofæ andψ highlights the influence of
other environmental factors in determiningr(NH) and therefore
(partially) ν(NH). Our studies indicate that the most important
factors affecting NH s frequencies (and indeed intensities) are
the following:

TABLE 7: Peptide Group 1 Characteristics of Someæ ) -180° Conformers of the Alanine Dipeptide

ψa r(H9‚‚‚O10)b NH ibc γa r(NH)b EV(NH ib)d f(NH s, NH ib)e ν(NH)f

60 5.31 0.3 -27.5 1.0140 0.000 0.002 3419
90 2.85 1.0 -28.2 1.0144 -0.004 -0.013 3418
120 2.45 3.3 -26.2 1.0148 -0.017 -0.058 3416
145 2.24 5.3 -19.4 1.0152 -0.032 -0.109 3410
180 2.09 6.7 -3.3 1.0154 -0.047 -0.153 3406

a In degrees.b In angstroms.c NH ib ) C2N3H9-C4N3H9, in degrees.d Contribution to NH stretch eigenvector; NH s coordinate taken as 1.000.
e Interaction force constant between NH stretch and NH in-plane bend, in mdyn.f Frequency in cm-1.

Figure 11. Dipole derivative (in electrons) of NH1 (×) and NH2 (b)
of some conformers of the alanine dipeptide as a function of the NH
bond length (in angstroms).

Figure 12. NH2 stretch frequency (in cm-1) of conformers of the
alanine dipeptide as a function of the NH2 bond length (in angstroms).

NH Stretch Mode Frequency Shifts J. Phys. Chem. A, Vol. 108, No. 25, 20045447



(1) Pyramidalization of the nitrogen atom.We had shown
previously10 that departures from peptide group planarity
(nonzeroω) lead to equilibrium pyramidalization of the nitrogen
(nonzeroγ). We now find, in studies of NMA as well as the
ADP, that any pyramidalization of the nitrogen, whether caused
by peptide nonplanarity or steric interactions, will result in
elongation of the NH bond. This is undoubtedly a result of the
reorganization of the electronic structure of the peptide group.
A relevant consequence of such increasing pyramidalization is
a proportional increase in the NH ob component of the
eigenvector associated with the NH s mode.

(2) Electrical and steric effects.Our previous studies6,9 had
shown thatr(NH) will be influenced by forces that arise from
external electric fields and repulsive interactions: the former
always leads to bond elongation if field and NH dipole derivative
are parallel and usually to bond contraction if these are
antiparallel; the latter always leads to bond contraction. Both
of these effects are evident in frequency shifts found in the ADP
structures and are obviously a function of conformation.

(3) Hydrogen bonding.Although we conceptually describe
the formation of a HB as a separate environmental factor, in
fact it is really only a stronger manifestation of the electric field
plus repulsion effects9 (this does not exclude the occurrence of
accompanying phenomena, such as charge transfer and other
electronic structural changes, that result from the eventual
overlap of the wave functions of donor and acceptor molecules).

(4) Intrinsic force field effects.The existence of interaction
force constants between NH s and other coordinates results in
forces on the NH bond when these coordinates are deformed
as a consequence of conformational changes. This effect may
not be negligible.9

(5) EigenVector change.Although NH s is a highly localized
mode, it is not completely so, and other internal coordinates
contribute to a degree that can vary with conformation. As we
find in the ADP, the rate of variation ofν(NH) with r(NH) can
depend on which coordinates contribute significantly in par-
ticular circumstances, such as the increasing contribution of NH
ib to the NH s eigenvector with increasing HB strength.

(6) Dipole deriVatiVe changes.We find that the increase in
intensity of the NH s infrared band with increasing HB strength
is completely consistent with an electric field-based description
of this interaction, viz., the increasing dominance of the NH
induceddipole derivative asr(H‚‚‚O) decreases, in determining
the total value of∂µ/∂r(NH). This emphasizes the primary and
comprehensive character of the electrical origin in describing
the nature of hydrogen bonding.

In observing thatν(NH2) of the lowest energy hydrogen-
bonded ADP structure, C7eq, viz., 3363 cm-1, is almost the
same asν(NH1) of other non-hydrogen-bonded (high energy)
structures, for example, 3377 cm-1 of -180,0, it should be clear
that, even allowing for the different chemical nature of these
groups, caution is needed in simply relating shifts inν(NH) to
the strengths of hydrogen bonding. (Of course, local high-energy
conformations would have to be compensated by conformations
in other parts of the structure that result in an overall minimum
energy.) Each potentially hydrogen-bonded system is different,
and the main message may be that in the vibrational analyses

each amide or peptide system should be carefully studied to
determine all the likely contributors to shifts in the NH stretch
frequency.
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