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The electronic excited states Mfmethylformamide (NMF), acetamide, ahdmethylacetamide (NMA) have

been computed using multireference configuration interaction methods. The amide spectra are dominated by
the valencers* state, computed for the different molecules to be in the range-B848L eV. The Rydberg

73p, state also features prominently in the spectra of acetamide and NMA. The computed vertical energies
of the zr* transition appear to be 0:3.6 eV too high, suggesting that either the observed bands do not
correspond to vertical transitions (in analogy to ethylene) or that the interaction between the valence and
Rydberg states is artificially too strong. Our state-averaged calculations provide a balanced treatment, but

may overestimate the valeneRydberg interaction. Alternative CASPT2 calculations (Serrano-/s)dre
Fulscher, M. P.J. Am. Chem. Sod996 118 12190-12199), which involved separate optimizations of
different types of states and ignored the Rydberglence interaction, agreed well with the spectra of formamide
and NMA but underestimated ther* transition energy for NMF and acetamide. The Rydbevglence

interaction appears to be important in the amide spectra, and a completely adequate treatment is still to be
found. Nevertheless, the MRCI calculations reproduce well the amide spectra and we report the computed

electronic properties of NMA that provide a compact parameterization of the amide chromophore.

Introduction V band observed in the experimental absorption speéfrum
arises from strongly mixeds*, 73p,, and n3p configurations.
The conclusions about the V band were somewhat qualitative,

acetamide, antll-methylacetamide (NMA) as computed using Eee|gi;ﬁgntgen?jecfﬂzﬂﬁgﬁnsffggsnOt take account of the large
modern quantum chemistry methods. NMA is widely used as . ’ .
a simple model of the peptide linkage in proteins. Recent Analogous experimental data are available for NMF and
studies have focused on the nature and influence of hydrogen2cetamide. The ground state geometries of NMF and acetamide
bondingt~2 vibrational propertied;” and isomerization between ~have been determined by gas-phase electron diffrattibtand
the cis and trans conformatioh8® Excited state properties of ~ their Lgltrawo_let absprpt;on spectra have been measimed
NMA, calculated using the semiempirical CNDO/S method, vacud® and in solutiont* A recent paper on the pglarlzed
have been used to derive parameters for the calculation of theCTystal spectra of propanamide aridacetylglyciné® has
circular dichroism (CD) of protein®. Our work here is, in part, ~ Provided the most definitive data to date on the direction of the
directed toward improving these parameters. Below, we briefly 77" transition dipole moment in amides. Ther* transition
summarize the most salient experimental and theoretical studies!" pzopangmlde was observed at 6.70 eV and is polarized at
The ground state geometry of NMA has been determined —35° relative to the C-O axis _(posmve angles were meas_ured
using X-ray crystallography and by gas-phase electron dif- toward Fhe N atom). !n this paper, Clark also succinctly
fraction12 The ultraviolet absorption spectrum of NMA has Summarizes other experimental data on the amide chromophore.
been determineith vacuq?3in water, and in cyclohexarfé The The advent of methods that account for extensive electron
absolute values of the extinction coefficients are not reported correlation has prompted us to examine the excited states of
in the in vacuo study, presumably due to difficulties in the amides. Previously, we have performed excited state calcula-
precise determination of concentration. Time vacuo mr* tions on formamide using multireference configuration interac-
transition energy is 6.81 eV. Thes* transition energy is tion (MRCI) method$? The nz* transition was calculated to
reported to be 6.67 eV in water and 6.74 eV in cyclohexane. be at 5.85 eV (the experimental energy is 5.65 eV) andrttte
The respective oscillator strengths are 0.30 and 0.17. &he n transition at 7.94 eV (the experimental energy is 7.32 eV). A
transition is less reliably described but, in both water and number of other states with significant intensity were calculated
nonpolar solvents, occurs at 5.54 eV, with an oscillator strength to fall within the V band of the experimental spectrum. This
on the order of 0.0025 and a transition dipole of 0.12 D. work suggested that a number of issues are important in the
Early theoretical work used self-consistent field (SCF) and calculation of the excited states of amides, in particular, the
configuration interaction (Cl) methods to calculate the vertical unbiased treatment of several states, correlation effects, and the
excitation energies of NMAS These calculations estimated the use of appropriate diffuse functions to describe Rydberg states.
nsr* transition energy to be 5.85 eV and concluded that the broad Experimental and other theoretical studies on formamide are
discussed in our previous paper.
* Address correspondence to this author. Tel: 619-784-9290. Fax: 619-  An issue of some concern has been the treatment of Rydberg
788688, Emall. Inrst@scripps.edu. states and their interaction with valence excited states. The
E Universit?/pof Warwick. ' importance of a balanced treatment has been discussed in some
€ Abstract published irAdvance ACS Abstractsune 1, 1997. detail by Roos and co-workef&,who have argued that care
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In this paper, we describe the properties of the excited states.
and the electronic transitions ®&f-methylformamide (NMF),




4822 J. Phys. Chem. A, Vol. 101, No. 26, 1997 Hirst et al.

must be taken to avoid artificial mixing between Rydberg and TABLE 1: Geometries Used in This Study

valence excited states. Atrtificial mixing may arise as follows. ~ jnternal
Effects of dynamic correlation may be significant for some  coordinate NMF acetamide NMA
valence excited states, but they are usually smaller for Rydberg 1.3577 (1.366) 1.3693 (1.3180)  1.3655 (1.386)
states. If this is the case, then the reference wave function for rcc N/AD 1.5137 (1.519) 1.5144 (1.520)
the valence excited state may have a larger energy than one orfco 1.2334(1.219)  1.2334(1.220)  1.2376 (1.224)
several Rydberg states, which in turn may give rise to an "Nct 1.4541 (1.459) N/A 1.4528 (1.468)
X X NHb 1.0072 (1.125) 1.0070 (1.022) 1.0066 (1.106)
exaggerated interaction between the valence and Rydberg statesy, N/A 1.0046 (1.022) N/A
causing the valence state orbitals to be too diffuse. This may rcya 1.0995 (1.125) N/A N/A
be difficult to correct in a subsequent CI calculation. I CtHg 1.0864 (1.114) N/A 1.0869 (1.106)
The electroni ¢ f athyl d vari lculati Fewn=fomi  1.0887 (1.114) N/A 1.0889 (1.106)
e electronic spectrum of ethylene and various calculations | '~ N/A 1.0851 (1.124)  1.056 (1.106)
of the electronic states of ethylene have illustrated the impor- rco=rce  N/A 1.0901 (1.124) 1.0902 (1.106)
tance of mixing between Rydberg and valence states. The ONCO 123.9872 (124.0) 121.8963 (122.0) 121.4923 (121.8)
experimental spectrum is dominated by an intems® excita- gggﬁ l’:l‘//AA ﬁiéﬁj éﬁg% iigég;g gﬁjﬁ
tion, with the b_and maximum at 7.66 eV. MR_CI calculati®ns OCNH, 118.6690 (118.7) 112 4182 (12'0.0) 119 4542 (11'0.0)
placed the vertical transition at 7.94 eV. The difference between pcne 121.1169 (121.4) N/A 120.8194 (119.4)
the band maximum and the calculated vertical transition energy ONCH, 113.2028 (112.7) N/A N/A
has been ascribed to the twisting of the* state. Vibrational ONGH, 1085252 N/A 108.4345 (110.4)
analysis of the electronic spectrum of ethylene based on SCF- DNDC,'\IH&Q 110.4342 N/A 110.5665 (110.4)
. . . I
Cl calculation$? has placed the most probable vibrational pcch, N/A 108.5771 (109.8) 108.4537 (110.4)
transition energy at 7.89 eV, 0.4 eV below the computed vertical OCCH.=  N/A 110.5092 (109.8) 110.6884 (110.4)
transition energy. More recent MRCI calculatihsre in OCCH
. . . I N THNG 59.9399 N/A 59.8989
general accord with this conclusion, estimating this difference Theen N/A 50.9253 60.0812

to be 0.28 eV. CASPT2 calculaticiigjave a vertical transition _ _ _
energy of 8.4 eV. However, it was anticipated that it would be 2Bond lengths are in angstroms; angles and dihedrals are in degrees.
difficult to achieve a good result for this state with second- Experimental data are in parenthesei/A = not applicable.
order perturbation theory because of the valerRgdberg  energy of therz* transition was 0.6 eV above the experimen-
mixing. tally observed band maximum. Ultraviolet resonance Raman
An inadequate basis set may lead to artificial mixing, and experiments on NMA3%and geometry optimizations of ther*
thus it is important to use a basis set that can provide a goodstate of formamide and NM& strongly indicate that thas*
representation of Rydberg orbitals. Two approaches have beerexcited state of formamide is twisted, and as in the case of
adopted for representing Rydberg states. One is to place diffuseethylene, this may account for the discrepancy between the
orbitals on each heavy atom. This approach was used, forMRCI calculation of the transition energy and the experimental
example, in calculations of linear polyenes (including ethyl- band maximum. If this is the case, then real mixing between
ene)?12 MRCI studies of formaldehyd®,and MRClI calcula-  the valence and Rydberg states would be consistent with the
tions on formamidé? We have continued to use this approach. experimental spectrufithe intense V band would be attributed
An alternative is to place diffuse functions at the average charge mainly to thezz* transition, with a lesser but nevertheless
centroid of the cation. This approach has been widely used in significant contribution from ther3p, transition. Given that
CASPT2 calculations, including calculations on formaldeRyde  no artifacts were obvious from the protocol used for formamide,
and aceton& The approach reduces the number of basis we have continued to use this procedure in this study.
functions and was introduced in a theoretical study of cyclic
pentadiened] where the use of diffuse functions on every heavy Computational Details

atom made it impossible to locate the valence excited states. Excited state calculations of NME. acetamide. and NMA were
Such problems were not encountered in our MRCI calculations. performed with the MOLPRO suite O’f prograﬁ‘fsbround state
Artificial mixing between Rydberg and valence states may and excited state energies and permanent and transition dipole
also occur if a higher Rydberg state not included in the active gng quadrupole moments were computed using the internally
space is nearly degenerate (in the zeroth-order Hamiltonian) tocontracted MRCI proceduf@®* The MRCI calculations used
a given excited staf®. This mixing may be avoided by deleting  the multiconfiguration SCF (MCSCF) orbitals from state-
the Rydberg orbital from the molecular orbital basis, or by averaged complete-active-space SCF (CASSEE)alcula-
including it in the active spacE:®® As has been note,  tions. The procedure is similar to that used for excited state
deleting the Rydberg orbitals clearly involves the neglect of cajculations on formamid®. The molecular orbitals thus
any possible real interaction between Rydberg and valencegptained are not biased toward any particular electronic state
excited states. If valence states are computed with the Rydbergand should be a good starting point for MRCI calculations of
orbitals deleted, their transition properties are usually computed excited states. All configurations with a norm 0.05 in any
with respect to a ground state computed with the Rydberg state in the CASSCF wave function were taken as reference

orbitals deleted. configurations for the MRCI calculations.

In our calculations on formamide, we placed diffuse functions  The geometries used in these calculations (see Table 1) were
on each heavy atom. The valenee* transition and ther3p, taken from geometry optimizations, witbs symmetry, at the
transition to the Rydberg 3rbital clearly interacted. Calcula- MP2 level (second-order MglletPlesset perturbation thedry,
tions were performed with and without the Rydberg 8pbital using a 6-3%+G** basis set. The restriction dfs symmetry
in the active space. The inclusion of the Rydberg 8pbital maintains planarity of the amide group and has been recently

noticeably reduced the intensity of the* transition, although justified in detail?® The labeling and final coordinate systems
this was compensated somewhat by the intensity ofiBg, are defined in Figure 1. The CHONC skeleton of NMF was
transition itself. However, it is difficult to say whether this planar with the methyl group cis to the oxygen. For NMA, we
mixing is artificial or real. The computed vertical transition use the geometry with the two methyl groups trans to each other.
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Figure 1. NMF (1), acetamide (), and NMA (Il ): structure and
labeling. All heavy atoms lie in thay plane. The molecules were

oriented such that the origin was the center of mass and the axes were
the eigenvalues of the inertia tensor. The coordinate system of the dipole

and quadrupole moments we report later are defined byxthe
coordinates in atomic units of the amide C, N, and O atoms: for NMF,
C (—1.431 434, 0.960 046), N (1.122 672, 1.203 479);Q.645 117,
—1.087 459); for acetamide, C (0.080 268).154 830), N (1.582 802,
1.951 841), O (0.976 214,-2.306 539); for NMA, C ¢0.902 023,
—0.187 822), N (1.208 416, 1.296 973), ©Q.753 709,-2.521 839).

TABLE 2: Exponents of the Diffuse Functions

type atom exponents

s H 0.03600

P H 0.03600

s c 0.01752 0.04370
s N 0.02100 0.05320
s o 0.02400 0.06080
P c 0.01575 0.03990
P N 0.01875 0.04750
P o) 0.02100 0.05320

These geometry optimization calculations, which were per-
formed using the package Gaussiaf®4ssentially repro-
duced the experimental geomett®&¥-17(shown in parentheses
in Table 1).

The choice of basis set has been guided by our previous
calculations on formamide. The use of one, two, or three sets
of diffuse functions had little quantitative effect on the calculated

spectrum of formamide. No changes to the calculated spectrum;

were apparent upon the inclusion of diffuse d functions, the
use of 6-31%+G**, or the correlation consistent valence

double and triple zeta basis sets. Thus, negligible differences
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impossible to consider active spaces with all the Rydberg p and
d orbitals, so we systematically explored the inclusion of these
orbitals with a series of active spaces. Apart from the interaction
between therz* and 73p;, the details of the active space were
not expected to be particularly important, on the basis of our
previous study of formamide.

Many calculations gave quantitatively very similar results,
and so we present detailed data for a set of representative
calculations on each molecule: for two “small” active spaces
and one “large” active space. We adopt the following notation
for describing an active space;, j( m, n), wherei is the number
of closed orbitals of 'asymmetry,j is the number of closed
orbitals of & symmetry,mis the sum of the active and closed
orbitals of & symmetry, andh is the analogous sum for the
orbitals of & symmetry. Thus, for NMF and acetamide we
consider calculations with active spaces (12, 1; 14, 4), (12, 1,
14, 5), and (12, 1; 16, 7), and for NMA we consider the active
spaces (15, 2; 17, 5), (15, 2; 17, 6), and (15, 2; 19, 8). These
calculations represent “minimal” calculations with and with-
out the Rydberg 3porbital, and the largest calculations that
we could do including the Rydberg 3p orbitals df and
a' symmetry and the Rydberg 3d arbitals. Depending on
the size of the active space, different numbers of states were
computed at the MRCI level, using the projection proce-
dure of Knowles and Werné?. For the smallest active space,
three A states and two A states were computed; for the
largest active space, six' &And five A" states were computed
(as reflected in Tables-35). Initial orbitals were obtained
from state-averaged MCSCF calculations over the same num-
ber of states to be computed at the MRCI level. For the large
active space MCSCF calculations, there we500 configura-
tions for each state. In the following results and discussion
sections we focus on the large active space calculations and
indicate the differences between them and the smaller active
space calculations.

were seen for several basis sets of reasonable quality. AnResults

important feature, however, was the use of exponents for the
diffuse functions appropriate for Rydberg states. Here, we use
a 6-3H-G** split-valence basis set (with spherical harmonic d
functions)?® with the exponents for the diffuse functions
suggested by Dunning and Hay for Rydberg st&te3hese

exponents are in Table 2. We have not explored effects due to

basis set as closely as we did for formamide, but several
calculations not reported here indicate that our observations for
formamide are valid for the molecules in this study. For
example, the inclusion of diffuse d functions did not change
the computed spectrum of NMA.

In order to investigate the interaction between valence and

In Figure 2, we show the electronic absorption spectra of
NMF, acetamide, and NMA adapted from the original experi-
mental work® and the calculated vertical transitions from
CASPT2 calculatiori§ and from our MRCI calculations using
the small and large active spaces. The intensities of the
experimental data are arbitrary, and the calculated oscillator
strengths have been arbitrarily scaled by a constant factor for
the figure. The detailed results of the calculations on NMF,
acetamide, and NMA are provided in Tables 3, 4, and 5,
respectively. The spectra of each molecule are discussed below.

For the MRCI calculation of NMF with an active space of

Rydberg states, we have performed calculations with a number(12, 1; 16, 7), there were about 287 000 contracted configura-
of different active spaces. The electronic ground states of NMF/ tions for the A states and about 270 000 contracted configura-
acetamide (these two molecules are isoelectronic) andtions for the A" states. The computed spectrum is dominated
NMA are respectively (1¥...(13a)%(1d")%(2d"')%(3d")?> and by the intense (oscillator strength= 0.37) zz* transition at
(1d)2...(164)3(1d")2...(4d")2. In all the active spaces, for NMF ~ 7.70 eV. Thenn* state was found to be the sixth’ Atate,
and acetamide, the two highest occupiedrbitals, the highest ~ with the intervening Astates n3s, n3pn3p, andz3p,. The
occupied aorbital (the lone pair on oxygem), the lowest 1 A" state is ther3s state, and the higher'Astates are a*,
unoccupied ‘aorbital (the Rydberg 3s orbital), and the lowest x3p,, #3p,, and n3p. The A’ states all have little intensity.
unoccupied 4 orbital (thes* orbital—although the ordering of ~ The broad nature of the experimental spectrum makes it difficult
the & virtual orbitals depends on the active space) were to locate definitively the Rydberg transitions. Nevertheless,
included; the occupied orbitals below this were treated as closedbelow the band maximum at 7.4 eV, peaks are observed in the
in the MCSCEF calculations and as core orbitals in the MRCI experimental spectrum at 6.45, 7.0, 7.2, and 7.3 eV which
calculations. Analogous active spaces were considered forcorrespond well to the computed Rydberg transition energies
NMA, except that the lowest two occupied arbitals were at6.37,6.93, 7.18, and 7.26 eV. Serrano-Asdmed Fische?®
treated as closed. Thus, six active electrons were considerechave suggested that the peak at 7.0 eV issth#& transition

for each molecule. Due to computational limitations, it was and that the band maximum at 7.4 eV is a Rydberg n3p



4824 J. Phys. Chem. A, Vol. 101, No. 26, 1997 Hirst et al.

TABLE 3: MRCI Energies and Properties of NMF2

active space (12, 1; 14, 4) (12, 1; 14, 5) (12, 1; 16, 7)

energy perm moment trans moment energy perm moment trans moment energy perm moment trans moment
1A' (G.S) &  (3.59,—2.97) o (3.74,—2.93) ] (3.88,—2.86)
21A'(n3s)  6.69 (1.63,6.46) (0.22,0.60) 650 —(.79,6.74)  (0.09,0.65)  6.37 —0.15,6.45) (0.04, 0.66)
31A’ (73p,) N/A® 7.05 (1.89,0.58) +0.43,0.79)  6.93  (1.60,0.78) —0.52,0.80)
4A' (n3p) N/A N/A 718  (1.82-5.66) (-0.78,—0.60)
51A’ (n3p) N/A N/A 726 (0.93,3.21) 0.40, 0.81)
6A' (x7*) 7.84 (557,-1.84) (3.31-1.54) 7.82 (6.00-1.92) (3.30-1.47) 7.70  (3.01,-0.93) (3.17-1.53)
11A" (z3s)  6.10 (0.96,6.27) —0.57 590 (0.28,4.68) —0.46 578 (1.37,642) —0.55
2A" () 590 (2.01,-1.12) —0.17 591 (1.48,0.62) —0.44 594  (2.30-0.86) —0.16
31A" (73p) N/A N/A 6.82 (-1.13,-5.89) 0.8
4A" (73p) N/A N/A 7.02  (7.72,3.15) 0.48
51A" (n3p,) N/A 7.46  (0.37,1.13) —0.34 7.33  (0.02,1.40) —0.31

a Assignments are given in parentheses after the state label. Data from calculations using three different active spaces are presented. Excited
state energies are given in electron volts relative to the ground state. Permanent and transition dipole moments are given in debye. The coordinate
system is defined in the legend to Figure 1. Thesfates have transition dipole moments with two in-plane components;'trstates have a
single component, perpendicular to the plane. GsSground state? Ground state energy —208.083 579 hartree&Ground state energy:

—208.079 910 hartree8 Ground state energy —208.078 212 hartree8N/A = not applicable.

TABLE 4: MRCI Energies and Properties of Acetamide?

active space (12,1;14,4) (12, 1; 14, 5) (12,1;16,7)

energy permmoment trans moment energy permmoment trans moment energy permmoment trans moment
1A' (GS) @  (-1.15, 435) 8 (~131,4.47) 8 (~1.80,4.28)
21" (n3s)  6.68 (384-4.42) (-0.77,0.10) 650 {(428-494) (-0.72,0.15) 630 {350,335 (~0.93,0.02)
317" (73py) N/A® 713 (-0.84.1.18) {053-2.25) 7.00  (0.68,1.84) —0.45—2.15)
417" (n3p) N/A N/A 724 (2.54,-1.38) (0.72-0.17)
51A" (n3p) N/A N/A 730 (-1.26-046) (-0.13,—0.85)
61A' (z*) 775 (0.26,3.90)  {0.61,-3.31) 837 (2.07,2.89) (046,2.10) 821 (172, 4.14) —0.43,—2.35)
1'A" (z3s) 637 (3.04,-3.37) -001 607 (341,-363) —1.01 592 (3.04-378) —0.97
2IA" (vr*)  5.89  (~0.45, 1.66) 0.12 593 ~(0.66, 1.52) 0.00 6.02 (098 1.30) —0.09
31A" (73p) N/A N/A 711 (-442.-142) —0.06
437" (23p) N/A N/A 732  (271,5.03) -0.36
51A" (n3p) N/A 759 (-151,-1.19) —0.18 739  (0.71,029) —0.04

2 Units and conventions as for Table"Ground state energy —208.100 825 hartree&Ground state energy —208.094 773 hartree$Ground
state energy= —208.090 872 hartree8N/A = not applicable.

TABLE 5: MRCI Energies and Properties of NMA @

active space (15, 2; 17, 5) (15, 2; 17, 6) (15, 2; 19, 8)

energy perm moment trans moment energy perm moment trans moment energy perm moment trans moment
11A'(G.S) @&  (0.06,4.59) ®  (0.88,4.69) ) (0.92, 4.83)
21A'(n3s)  6.67 {1.59,-6.77) (-0.43,0.06) 6.43 {1.64,-6.88) (-0.47,0.07)  6.16 +0.42,—4.98) (~0.66,0.04)
31A’ (73p,) N/A® 6.74 (0.54-021) (-0.45-1.45) 653  (1.14-0.01) (-0.57,—1.65)
4A' (n3p) N/A N/A 6.89 (1.19,2.04) (0.54+-0.36)
51A’ (n3p) N/A N/A 7.04 (-3.04,-0.77)  (0.64,0.16)
6A (x7*)  7.62 (3.30,2.89)  €1.81,-2.86) 8.05 (2.254.87) 1.98,-2.25) 7.46 {3.855.78) {1.21,—1.67)
11A" (z3s) 6.02 (0.36,-5.39) —0.55 5.76 0.43,-5.45) —0.58 556 (0.73,-5.92) —0.66
2A" (nr*)  5.96  (0.60, 1.71) 0.15 5.99 (0.64,1.64) 0.19 6.14  (0.75,1.02) 0.10
31A" (73p) N/A N/A 6.64 (~0.39, 6.58) 0.68
4A" (73p) N/A N/A 6.77  (0.03-0.78) —0.22
51A" (n3p,) N/A 7.24  (-1.19,-0.93) —0.04 7.02 ¢251,1.80) —0.05

aUnits and conventions as for Table"Ground state energy —247.127 994 hartree§Ground state energy —247.122 875 hartree$Ground
state energy= —247.119 070 hartree8N/A = not applicable.

transition. However, this interpretation is not consistent with The experimental spectrum is quite featureless, and there are
our calculations or with their interpretation of the other amide no discernible peaks below the band maximum at 7.5 eV. In
spectra. The computedzh vertical transition energy is 5.94  the small active space calculation, as was the case for forma-
eV. Although some quantitative differences were seen with mide, thex3p, state is not seen (as expected) and A
smaller active spaces, and obviously less Rydberg states werdransition has a large intensit§ € 0.33). The other Rydberg
computed, the smaller active space calculations gave results thatransitions have weak intensity. Thernstate appears at
were qualitatively similar to those from the large active space 5.92 eV.
calculation. For the NMA calculation with an active space of (15, 2; 19,
For acetamide with an active space of (12, 1; 16, 7), the 8), there were-490 000 contracted configurations in the MRCI
number of configurations in the MRCI calculation wa250 000 calculations of A states and-390 000 for the A states. The
for the Al states and-240 000 for the A states. The computed spectrum is similar to that of acetamide, but the* (at 7.46
spectrum for acetamide is more similar to that of formamide eV, f = 0.12) andn3p, (at 6.53 eV,f = 0.08) transitions are
than to NMF. There are two transitions of similar intensity, 0.5-0.7 eV lower in energy. Their intensities are comparable
the transition to the Rydberg 3’ A73p;,) state at 7.00 eVf(= to those of acetamide. Again, in the small active space calcu-
0.13) and to the valence 6 fr*) state at 8.21 eVf(= 0.18). lation, theszz3pr state is not seen, and ther* transition has
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' ‘ TABLE 6: CNDO/S-Derived Properties of NMA (after
: Manning and Woody)?

transition magnetic
i energy transition quadrupole transition
transition (eV) dipole (D) moment (au)  moment (BM)
. nz* 563 0.07 (-1.38,0.00, 1.38) 1.19
7l 6.53 3.07 (0.30-1.17,0.22) N/A

(w*—a7*) NIA  0.05 (0.28,0.00-0.28)  N/A

a Coordinate system as defined in the legend to FigufeNbt the
actual value calculated from CNDO/S, which was anticipated to be
too low (4.06 eV). Due to an incomplete description of the location
of a pair of monopoles accounting for-p hybridization, the ground
state permanent dipole moment could not be definitively computed.
Two other transitions were also reportedzzh(6.89 eV) andmw *

(8.85 eV). The quadrupole moments are computed relative the center
of mass and are reported as g, Q,y, and Q,, components of the
diagonalized quadrupole tensé6iN/A = not applicable.

Intensity (arbitrary units)

Discussion

v/ Recently3847the electronic states of amides have been studied
using multiconfigurational second-order perturbation theory
(CASPT2). The computed second-order vertical energies were

N A N I TP |

6.0 6.5 7.0 75 8.0 8.5 reported to be within 0.2 eV of the experimental energies. For
Energy (eV) formamide and NMA the agreement between the experimental

Figure 2. Experimental and calculated amide spectra. The solid black Pand maxima and the CASPT&r* transition energy is good,
curve is adapted from the reported experimental #kae solid vertical but for acetamide and particularly NMF the agreement is poorer

lines are the computed vertical transitions from MRCI calculations using than 0.2 eV. The CASPTZx* transition energy for NMF is
the large active space. The dotted vertical lines are from MRCI 6.71 eV. Serrano-Andseand Fischef® discuss the experi-
calculations using the small active space. The dashed vertical lines aremental data, which show a broad band from-7706 eV, with
taken from CASPT2 calculafioris. Kaya and Nagakut&specifically reporting peaks at 7.08, 7.16,
. . and 7.22 eV and an obvious maximum at 7.40 eV. They argue
an oscillator strength of 0.33. Therh transition appears at that a 0.7 eV error in their calculation is very unlikely and
6.14 eVv. suggest that the experimental spectrum should be reinterpreted
As alluded to in the Introduction, part of our interest in the to the effect that ther* state is hidden on the low-energy
electronic states of NMA arises from the use of parameters side of the broad band. There is no suitable candidate for the
describing the properties of these states and transitions betweerigin of the band that hides ther* state, and thus the lack of
them in calculations of the circular dichroism spectra of proteins. other intense transitions in this region does not support this
The three major states that play a role in the circular dichroism interpretation.
of proteins are the ground state, the*rstate, and thezz* There are several differences in methodology between the
state. Other states are also believed to be important, but theyrc| calculations presented here and the CASPT2 calculations,
exact nature of the states and their role is less well established,induding basis set, the treatment of correlation, and the
so we focus on the three major states. treatment of the interaction between Rydberg and valence states.
In their widely cited theoretical study of the circular dichroism Examination of the influence of basis set and correlation on
of polypeptide helice¥? Manning and Woody presented pa- the computed spectrum of formamide suggests that the discrep-
rameters used in the matrix metidtb describe the permanent  ancies between the MRCI and CASPT2 calculations do not arise
and transition properties of the amide electronic states expectedrom either of these factors and that the most likely explanation
to be relevant to the circular dichroism of proteins. The lies in the different treatment of the interaction between Rydberg
parameters are mainly sets of monopole charges to represenaind valence states. Our approach has been to perform one state-
charge distributions and were derived from CNDO/S calcula- averaged calculation with one active space that includes Rydberg
tions on NMA. We have computed the resulting dipole and orbitals. The advantage of this approach is that all states are
guadrupole moments and summarize these and the othettreated equally; the disadvantage is that there may be some
parameters in Table 6. In Table 7 we report the properties artificial mixing between the Rydberg and valence states. To
computed from the MRCI wave function. Although the avoid this possible artificial mixing, the protocol used in the
permanent properties of the excited states do not appear in theCASPT2 calculations ignores the interaction between Rydberg
matrix method formulation of protein circular dichroism cal- and valence states. Several calculations are performed: one
culations, they do appear in the first-order perturbation for the Rydberg states with an active space that includes Rydberg
method*46 and so in Table 8 we have reported those orbitals and one for the valence states with an active space in
properties. In condensed phases Rydberg states may not appeawhich the Rydberg orbitals have been deleted and completely
in which case the parameters from the calculation in which the removed from the calculation, and also it appears that separate
Rydberg orbitals are not included in the active space may be asingle-root optimizations are performed for the ground state for
more appropriate description of the amide chromophore in both active spaces.
proteins. The suitability of these gas-phase parameters for The CASPT2 results for NMF suggest that this approach is
describing the hydrogen-bonded amide chromophore in proteinsnot completely satisfactory. The MRCI results are also not
in aqueous solution remains to be determined. However, in entirely satisfactory, with therr* energies appearing to be
principle they should be more reliable than the gas-phase consistently 0.30.6 eV too high, possibly due to artificial
CNDO/S parameters previously used. mixing between Rydberg and valence states. However, we
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TABLE 7: Transition Properties of NMA Computed from MRCI Wave Functions 2

transition transition quadrupole magnetic transition
calculation transition energy (eV) dipole (D) moment (au) moment (BM)
active space an* 6.14 0.10 (1.23,0.00;-1.23) 0.89
(15, 2; 16, 7) T 7.46 2.06 (0.78,1.39-0.61) 0.24
(no* —zz®) N/A® —1.28 (3.49, 0.00,-3.49) 0.24
active space an* 5.96 (0.93, 0.00;-0.93) 0.92
(15, 2; 17, 5) s 7.62 (0.94, 1.48,-0.54) 0.32
(nor* —zr®) N/A (0.00,-1.05, 1.05) 0.35

a For the purposes of computing the circular dichroism of proteins, the experimental transition energies observed for proteins are more appropriate
than the gas-phase NMA transition energie/A = not applicable.

TABLE 8: Permanent Properties of Electronic States of
NMA Computed from MRCI Wave Functions

valence interaction clearly will be an important step in improving
our understanding of the amide electronic spectra. Unfortu-

perm dipole perm quadrupole nately, at the moment one has to choose between neglecting
calculation state  moment (D) moment (au) this interaction completely or including as we have done, with
active space ground 4.92 (7.013.95,—3.06) the knowledge that the MRCI techniqgue may only get the
(15,2;16,7) wo* 1.27 (7.28,—1.90,—5.38) balance between Rydberg and valence states partially correct.
am* 6.94 (0.94,17.51;-18.44) Overall, both CASPT2 and MRCI methods give a qualita-
active space ground 4.59 (5.133.18,—1.95) tively similar theoretical picture of the amide electronic spectra.
(15,2;17,5) o 1.81 (4.91,-1.02,—3.89) The important influence of correlation effects on the amide
a 4.39 (8.19,~3.50,-4.69) electronic structure is clear and has been appropriately accounted

for. The major differences between the calculations arerttte
believe the disadvantage of this seemingly systematic error istransition energies which are underestimated by the former and
out-weighed by the advantage of the balance and relative gyerestimated by the latter and the intensity of the Rydh8g
straightforwardness of the single state-averaged calculation.transition in several of the amide spectra. The differences are
Furthermore, we speculate that the discrepancy between theprobably attributable to different and imperfect treatments of

MRCI results and the experimental spectra may not arise from the interaction between Rydberg and valence states. This study
deficiencies in the calculation. The electronic spectra of the has highlighted the importance of this interaction.

amides might be expected to be analogous to that of ethylene,
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between the two methods and highlight a number of interesting
issues concerning the electronic spectra of amides.
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