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Abstract: We have examined electronic coupling between the two amide electronic transitions in a dipeptide
and have found strong excitonic interactions in a case where the amide planes are almost perpendicular. We
compared the absorption and resonance Raman spedtranethylacetamide (NMA) and acetamide (AM) to

that of the dipeptid&l-acetylglycinamide (NAGA), which is composed of linked primary and secondary amides.
We measured the transition moment magnitudes of each of these species and also determined the orientation
of the preresonance Raman tensor of NAGA in a single crystal. From these single-crystal tensor values, we
calculated the NAGA diagonal Raman tensor orientations and compared them to those expected for unperturbed
primary and secondary amides oriented as in the NAGA crystal. Because the primary and secondary amide Ill
vibrations are vibrationally uncoupled and nonoverlapping, we can use their intensities to determine the
contributions to their resonance enhancement from the coupled NAGA electronic transitions. The Raman tensor
major axes of the primary and secondary amide Il and amide | vibrations do not lie in their corresponding
amide planes, indicating excitonically coupled states which mix the primary and secondary amide transitions.
These results are relevant to the understanding of amide coupling in peptides and proteins; the NAGA crystal
conformation is similar to that of a typed-turn in peptides and proteins, with the amide planes nearly
perpendicular to each other (dihedral anglé)85

Introduction We recently examined the electronic transitions and excited
. . . states of the simplest dipeptide, glycyl-glycine (Gly-Gly), and
The electronic properties of macromolecules can either result §iscovered intimate electronic coupling between the amide and
from the uncoupled or coupled electronic responses of individual carboxylate groups.This coupling results in a new charge-
molecular fragments? This coupling could derive from a  transfer transition at200 nm, which involves electron transfer
delocalization of the electronic transitions between linked from a nonbonding carboxylate orbital to th# orbital of the
chromophores in a through-bond manner, similar to that which gmide group. We also measured the direction of this charge-
occurs for the conjugated network of a polyene, or the  transfer transition moment as well as the orientations of the
interaction may occur through space, through excitonic interac- gmide and carboxylate N\ — 7*) transition moments in a
tions between the transition dipoles of the linked fragments with hydrated crystal of Gly-Gly. The charge-transfer transition
similar electronic transition energies. moment was found to be oriented along the axis connecting
In proteins and peptides, the conventional understanding of the carboxylate and amide groups. Thus, in this case we found
the backbone electronic excited states and transitions is that thentimate interactions between the amide and carboxylate groups,
backbone linked amide fragments interact only through excitonic which results in a new electronic transition, which is in fact,
interactions without any through-bond mixing of their excited the lowest energy allowed electronic transition of dipeptides as
states>* In a-helical peptides, for example, these through-space well as of the carboxylate penultimate ends of peptides and
excitonic interactions are proposed to result in two electronic proteins. A number of theoretical papers have recently appeared
transitions oriented parallel and perpendicular to the helix which verify the existence of charge-transfer transitions both
axis356 However, this established view of peptide transitions in dipeptides and now also in polypeptides with linked amide
completely neglects the possibility of through-bond interactions groups®1° The existence of these types of transitions should
of the excited states which could lead to delocalization of the impact our understanding of peptide electronic excited states,
excited states of the amide fragments. peptide spectroscopy, and the phenomenology of electron
transfer in peptides and proteins.
* To whom correspondence should be addressed. Phone: 412-624-8570. To further probe electronic interactions between coupled
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Figure 1. (a) Geometry oN-acetylglycinamide (NAGA) obtained from
the crystal structure and (b) structure and orientation of the four NAGA
molecules within the unit cell, showing the hydrogen-bonding network.

namide (CHCONHCHCONH,, Figure 1). In a manner es-
sentially identical to our glycyl-glycine studies, we used
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Figure 2. Orientation of NAGA crystal faces relative to the crysal

b, andc axes. Also shown is the orientation of thleaxis, which is
defined to be normal to tha andb axes. The optic axis OP is shown
within the crystal, as is the apparent optic axis (aop) outside the crystal.
Excitation must occur along “aop” outside the crystal for light to
propagate along OP within the crystal.

We used the X-ray crystallography precession method to index the
thin NAGA rhombus crystal face (Figure The large crystal face
was normal to the (001) direction, while the four edge faces were
indexed as the (110), (0}, (110), and(10) planes. This result is
consistent with the relative angles observed between the crystal faces;
rhombus face angles of 8and 113 occur, sincea/b = tan (67/2).

The bisector of the acute angle is the crystallograjphéxis, and the
bisector of the obtuse angle is the crystallograghaxis.

We determined the crystal optic axes in the visible spectral region

absorption spectroscopy to measure the oscillator strengths ofby measuring the principal refractive indices < ng < n,, by

theN-acetylglycinamide (NAGA) 186200-nm transitions and
have determined the transition moment orientations by using
polarized preresonance single-crystal Raman spectroSdapy.
comparing the electronic transitions of NAGA to those of the
isolated primary and secondary amides we are able to directly
determine the nature of the electronic coupling between the two
amide fragments.

Experimental Section

Crystal Growth and Structure Determination. N-acetylglycine-
amide, CHCONHCHCONH, (NAGA, Figure 1) was purchased from
Aldrich Chemical Co. (purity 97%) and was recrystallized three times
from ethanol. Large single crystals (8 mm5.3 mmx 1 mm) were
grown by slow evaporation of saturated NAGA ethanol solutions.

X-ray diffraction measurements revealed a crystal structure identical
to that of Puliti et al:! which is monoclinic, of space group2;/n
(Ca°) with four molecules per unit cell (Figure 1). Unit cell dimensions
area = 5.349(4) A,b =8.065(5) A,c =13.675(7) A, with3 = 93.23-

(5)°. We redetermined the crystal structure from our X-ray data. The
amide conformation of NAGA in the crystal is similar to that which
occurs in a type B-turn in peptides and proteins (NAGA Ramachandran
angles® = —70° and¥ = —30°, while typical type I5-turns haved

= —60° andW = —30°).12 These angles are also not far from that of
an o structure.

The NAGA molecules occur in an interconnected intermolecular
hydrogen-bonding network. For example, the oxygen of the primary
amide is simultaneously hydrogen bonded to theHNgroups of the

employing the immersion method, where the refractive indices of a
small crystal (of the same morphology as the large crystal) were
compared with that of a series of liquids using a microscépe. avoid
dissolution of the crystal we used mixtures of hexane, cyclohexane,
benzene, and carbon disulfide to obtain refractive indices between 1.375
and 1.628. We found that, = 1.539,ns = 1.559, anch, = 1.572.

We found that for visible light, the three crystallographic axes have
refractive indices ofi. = n, = 1.539,n, = ng = 1.559, andh, = n, =
1.572 and that optic axes lie in thec (or bc) planel® which is
perpendicular to the intersection of an ellipse of semiaxes., with
a circle of radiug,. For visible light the optic axis makes an angle of
38.4 to thec axis® To transmit visible light from the air along this
optic axis 6, = 1.559) within the crystal requires that light be incident
onto the crystal at an angle of 75 fom the perpendicular to the (001)
face. This will cause it to refract onto the optic axis inside the crystal.

We expect that the optic axis orientations for 244-nm light is close
to our observed orientations of the visible wavelength optic axes. This
is reasonable, since we previously demonstrated that the amitle*
transitions dominate both the visible and UV optical propefties)d
relatively little change in orientation of the optic axis occurred between
the UV and visible spectral region for glycyl-glycifialVe searched
for the actual optical axis orientation in the UV by searching manually
for the angle that gave essentially identical 244-nm HV and VH near-
resonance Raman spectra. This occurred at an external incident angle
of 72.5° to the perpendicular to the (Opface. This external angle in

(13) Buerger, M. JThe Precession Method in X-ray Crystallography
hn Wiley & Sons: New York, 1964; Chapter 6, pp-63L.
(14) Bunn, C. W Chemical CrystallographyClarendon Press: Oxford,

Jo!

adjacent primary and secondary amides. The oxygen of the secondaryl961; Chapter 3, pp 6494.

amide is only hydrogen bonded to the primary amideHN

(11) Puliti, R.; Mattia, C. A.; Barone, G.; Giancola, &cta Crystallogr.
1989 C45 1554-1557.

(12) Creighton, T. EProteins. Structure and Molecular Propertje4/.
H. Freeman and Co.: New York, 1996; pp 22526.

(15) We measured.. Since the angle between thendc' axes is only
3°, we considemn. andng identical.

(16) This angle is equal to tah (y/x), werex andy are the solution of
the system of equation€ + y2 = 1.55¢ andx?/1.572 + y41.53% = 1.

(17) Dudik, J. M.; Johnson, C. R.; Asher S. A.Phys. Chenil985 89,
3805-3814.
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Figure 3. UV absorption spectra of an aqueous solution Nof Figure 4. UV absorption spectra of 82 mM aqueous solution of

acetylglycinamide (NAGA, 73 mM) and decomposition of the band acetamide (AM) and\-methylacetamide (NMA). The dotted lines
into two components at 178 and 189 nm. The dotted line is the fitted model the high-frequency sides of the absorption spectra by reflecting
curve. The inset compares the NAGA absorption spectrum to the sumthe low-frequency sides aboufax.

of acetamide (AM) andN-methylacetamide (NMA) spectra. The high-

frequencies side of AM and NMA bands are obtained by reflecting the § 262 and 0.198 for AM and NMA respectively. Thus, the AM
low-frequencies side aroundx. and NMA dipole transition moments af®ay| = 3.16 D
o . . (Debye), andMnma| = 2.79 D. Our experimental values of
irér;défaf;ot?gttﬂfﬁgﬁ:: (t)gtt'ﬁe{")z'()soigcsuﬁ;éeanfc';tfggarlezr;%faﬂe the AM and NMA oscillator strengths and dipole transition
rangé of values ofi, = 1.567 0.10. ' moments are consistent with recent theoretical stuplies. These
Spectroscopic MeasurementsThe spectroscopic instrumentation ~ Studies, however, also demonstrate that the theoretically calcu-
and the methodology used to obtain polarized-oriented single-crystal lated values are very sensitive to the assumptions used and the
Raman spectra are described in detail elsewhdie.avoid crystal  theoretical methods employéd.
birefringence, we excited the crystal along the apparent optic axis in  The NAGA broad asymmetric absorption band shown in
air (72.5 from the perpendicular to the (001) face, see Figure 2). In Figure 3 can be decomposed into two Gaussian bands in the
contrast to our previous glycyl-glycine single-crystal measurenfents, frequency domain, located at178 nm and~189 nm, which
in the NAGA crystal thea crystallographic axis is the axis of  5ra|apeled ab . andM_, respectively. These Gaussian bands

intermediate refractive index, and theaxis is the obtuse bisectrif. . :
i ’ . yield oscillator strengths d{M ) = 0.290 and(M-) = 0.168
Thus, the two optic axes are related b§zasymmetry operation around and dipole transition moments (¥1.| = 3.32 D and/M_| =

the b symmetry axis. Spectra collected with the exciting light o .

propagating parallel to each optic axis gives essentially identical data 2-60 D2021The square of the transition moment ratigNé. %/

for identical polarizations in the NAGA crystal; thecrystallographic IM_|? = 1.63. The inset in Figure 3 compares the NAGA

axis is almost perpendicular to tzecrystallographic axis. Thus, we  absorption spectrum to the sum of the AM and NMA absorption

collected all of the polarized Raman data by exciting only along one spectra. The spectral differences indicate electronic interactions

of the optic axes. In one series of the measurements, we kept the between the two NAGA amide fragments. Although there is

axis vertical, and in the other series, we rotated the crystal clockwise essentially no difference in the first moment of the NAGA

around the optic axis py an angle of°3@he a axis occurs at an angle absorption band (54 962 crf) compared to the oscillator

of 30° to the vertical direction of our Iaborat_ory frame). strength-weighted first moment of the sum of the NMA and
We measured the vacuum UV absorption spectra~@56 mM AM absorption spectra (55 131 cA), band shape changes are

aqueous solutions of NAGA, NMA, and AM down to 170 nm at the - . .
: . ) clearly evident; the NAGAM + and M _ bands are split by a
Nat | Synchrotron Light S t Brookh Nat | Laborat ! .
ational Synchroran ©Ight Source aw ooxhaven Rational Laboratory larger amount than are the N\NMA and AM bands (vide

by using the pseudoabsorption technidtie. :
infra).

Results and Discussion 2. Raman Band AssignmentsThe Raman spectra of NAGA

. . in aqueous solution (Figure 5) can be assigned by analogy to
1.NMA, AM, and NAGA Electronic Transition Moments. the Raman spectra of NMA22and AM 17 The Raman spectra
We dlrect_ly determl_n_ed the magnitude of f[he NAGA, NMA, " 5t NMA shows an amide Il (A-1I) band at 1313 cm (Figure
and AM_d|poIe tranS|t|o_n moments from their aqueous solution 5a), whose 244-nm Raman cross section is 0.96 mbarn/
absorption spectra (Figures 3 and 4). These AM and NMA
spectra are reliable for wavelengths above 180 nm, but may (20) (a) Birks, J. B.Photophysics of Aromatic MoleculesViley-
show artifactual features at shorter wavelengths caused by watefnterscience: London, 1970; pp 484. (b) Cantor, C. R.; Schimmel, P.
absorption contributions. The broad absorption bands show short?ésB('f_’%hgf'ﬁa'p%h%ng'zgg‘_’v - H. Freeman and Company: San Francisco,
wavelength shoulders, which derive from higher energy transi- (2i) (@) Hi'rst, J. D.; Hirst, D. M.; Brooks, C. L, lIlJ. Phys. Chem. A
tions. We estimated the oscillator strengths of the AMLT9 1997 101, 4821-4827. (b) Besley, N. A Hirst, J. Ol. Phys. Chem. A
nm) and NMA (~185 nm) N\, transitions by modeling the 1998 102 10791-10797. (c) Manning, M. C.; Woody, R. VBiopolymers

. - . . 1991, 31, 569-586. (d) Serrano-Andsg L.; Fuscher, M. PJ. Am. Chem.
low-frequency sides of the absorption bands as Gaussians InSOClegga 118 1215(})12199. &

the frequency domain. We calculate oscillator strerf§to$ (22) (a) Chen, C. G.; Asher, A. S.; Schweitzer-Stenner, R.; Mirkin N.
G.; Krimm, S.J. Am. Chem. S0d.995 117, 2884-2895. (b) Chen, C. G.;
(18) Wahlstrom, E. EOptical Crystallography John Wiley & Sons: Schweitzer-Stenner, R.; Asher, A. S.; Mirkin N. G.; Krimm, B.Phys.
New York, 1957; pp 223226. Chem.1995 99, 3074-3083. (c) Chen, C. G.; Schweitzer-Stenner, R.;
(19) Sutherland, J. C.; Keck, P. C.; Griffin, K. P.; Takacs, PNzcl. Mirkin N. G.; Krimm, S.; Asher, A. SJ. Am. Chem. So&995 116, 11141

Instrum. Method<€982 195, 375-379. 11142.
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Figure 5. Aqueous solution-phase 244-nm excited Raman spectra of
(a) N-methylacetamide (NMA), (b) acetamide (AM), (c) sum of spectra
a and b, (d) NAGA excited at 244 nm, and (e) NAGA excited at 206
nm. Excitation power was 7.5 mW (244 nm) and 1.0 mW (206 nm);
spectral resolution, 12 cmi (244 nm) and 11 crt (206 nm); spectral
accumulation time, 50 s (244 nm) and 180 s (206 nm); sample
concentrations, 0.4 mM (244 nm) and 5 mM (206 nm). The shaded
peak at 932 cm derives from the symmetric stretch of the perchlorate
internal standard (0.2 M).
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Figure 6. Raman spectrum of NAGA single crystal for 244-nm
excitation; the amide Il band of the secondary amide (A-llIs) is located
at 1305 cmit, the amide Il of the primary amide (A-lllp) is at 1412
cm™! and the unresolved amide | band (A-l) is at 1653 ¢ém

into the UV at 206 nm (Figure 5e). The A-1 band shoulder of
NMA occurs as a doubl&t at 1626 and at 1645 cmh, while

the A-1 band of AM occurs as a shoulder at 1662 ¢niNAGA

in solution at 244-nm excitation shows a strong A-1 band, which
contains overlapping primary and secondary amide | bands. The
244-nm NAGA A-l band apparent cross section (1.36 mbarn/
moleculestr) is increased 4-fold compared to the sum of the
244-nm cross sections of the NMA and AM A-1 bands, which
are 0.22 and 0.13 mbarn/molecist.

These cross-section changes between NAGA and NMA and
AM indicate interactions between the two linked NAGA amide
electronic transitions. For example, the 89 mbarn/molestrle
206-nm NAGA A-l band cross section is 1.5 times larger than
the sum of the 206-nm A-l band cross sections of NMA (47
mbarn/moleculest) and AM (14 mbarn/molecuist).

The 244-nm single-crystal Raman spectrum of NAGA (Figure
6) shows more resolved bands than do the solution phase Raman
spectra. The NAGA crystal Raman spectrum is dominated by
the A-llls vibration at 1305+ 1 cnr?, while the 1412 cm!

moleculestr. The methodologies used to measure the Ramanband results from the A-lllp vibration.

scattering cross sections are described in detail elsewhahd.
shows an A-Ill band at 1409 crh (Figure 5b), whose 244-nm
Raman cross section is 0.46 mbarn/moleaite A comparison

of the 244- and 206-nm NAGA spectra (Figure 5d,e) to the
sum of the spectra of NMA and AM (Figure 5c) indicates very
similar features.

The NAGA secondary amide A-lll band (A-1lls) occurs at
1307 cnt?, while the primary amide A-lll (A-lllp) band occurs
at 1411 cmt. The 244-nm Raman cross sections of the NAGA
A-llls and A-lllp bands are 1.17 and 0.45 mbarn/moleestie

The two A-Ill vibrations of the secondary and primary amides
appear to be preserved in NAGA since the NAGA frequencies
are very close to those in NMA and AM. This indicates little
mixing between these two A-Ill vibrations. The small NAGA
frequency shifts observed between the aqueous solution samples
of NAGA, compared to NMA and AM result from modest
changes in the vibrational mode composition. Even smaller
frequency changes occur for NAGA between the crystal and
solution phase. This indicates that for the crystal we may assume
an oriented gas model, which assumes little impact of inter-

respectively, while the 206-nm cross sections become 114 andmolecular vibrational coupling.

37 mbarn/molecukstr. The 206-nm Raman cross section of the
NMA A-lll band is 81 mbarn/molecutstr, while the 206-nm
Raman cross section of the AM A-lll band is 23 mbarn/
moleculestr.

A NAGA band similar to the NMA CCH sb at 1380 cm!
is also evident. The 1585 crh NMA-like amide Il band
intensity, which is weak in the 244-nm NAGA spectrum,

The A-l band appears as a single (unresolved) bardl&63
+ 3 cm1in both the NAGA crystal and in agueous solution.
We were unable to uniquely resolve the two underlying A-I
band components. This is probably due to the similarity of
frequencies. This also suggests that there is little coupling
between the A-l vibrations of the primary and secondary amides;
coupling would be expected to increase the splitting between

increases dramatically as the excitation wavelength goes deepethese vibrations.
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Figure 7. UV Raman spectra of oriented NAGA single crystal excited
at 244 nm. The excitation beam propagates along the optiZaXise
XYZframe is the laboratory frame with i¥axis in the vertical direction

V and itsY axis in the horizontal directiofd. The exciting light is
polarized either vertically\) or horizontally H). The Raman scattered
light is selected by the analyzer to be eitMsor H polarized. Theabc
frame is the orthogonal crystallographic franwe gxis, perpendicular
to the figure plane, is not shown). In the left panel the aaiss parallel

to the X axis; in the right panel the axisa® is inclined 3C to the
vertical axisX. The spectra were recorded with accumulation times of
60 s and excitation powers of 1 mW.
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The A-ll bands of NAGA are much weaker than those of
NMA and AM and appear as a weak shoulder of the A-I band.
Substitution of the N-H and NH, groups by deuterium causes
the A-II' bands to appear and the A-Il and A-lll bands to
disappeaf324in a manner similar to that for NMA and AM
(data not shown). Interestingly, the relative intensity of the'A-II
to A-I' bands of NAGA in DO is much smaller than that for
deuterated AM and NMA. Deuterated NAGA shows overlap-
ping, but clearly separate primary and secondary’ &id A-I
amide bands.

The other nonamide bands of NAGA can be assigned on the

basis of the AM and NMA assignments?225The 871 and 906
cm! bands are €C, skeletal stretching modes. The band at

1041 cnr?, which has no counterpart in the Raman spectra of

AM or NMA but appears in the spectra of Gly-Glys assigned
to methylene Chirocking?2®® The other rocking band, deriving
from the NH: group of the primary amide, appears at 1113 &m
in the crystal and at 1118 crhin agueous solution.

The complex band contour centered around 1400'dsthe
most difficult region to assign. Clearly, the band at 1381 &m
is the CCH symmetric bending observed at this frequency for
NMA. The band at 1454 cni is probably the Ckbending®?
or less likely CCH antisymmetric bending?

The UV-polarized Raman spectra of the NAGA crystal are
shown in Figure 7. The spectra on the left are measuredawith

(23) Sugawara, Y.; Hirakawa, A. Y.; Tsuboi, NI.. Mol. Spectroscl984
108 206-214.

(24) Mayne, L. C.; Hudson, Bl. Phys. Chem1991, 95, 2962-2967.
(25) (a) Krimm, S.; Bandekar, Adv. Protein Chem1986 38, 181—
364. (b) Tu, A.Raman Spectroscopy in Biolgglohn Wiley & Sons: New

York,1982; pp 27-31.
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Table 1. Correlation Diagram of Molecular and Factor Group

Unit Cell

Ch
(42460 Ag(R)
4 (42+6r)Bg (R)
i@z +5t +1a) A, (IR)

(42 + 4t +2a) By (IR)

Site
C

Isolated molecule

Ci

(42A+ 3r +31)

(42A +3r + 31)

crystallographic axis oriented vertically, and those on the right
are taken witha axis inclined 30 to the vertical orientation.
The spectra are obtained in the backscatteringi8(°) geom-
etry. Thus, the incident light and the Raman scattered light
propagate along the same crystal optic aXis For each
orientation of the crystal we measured four different polarized
spectra, HH, HV, VH, and VV. As expected, the HV and VH
measurement sets are essentially identical.

3. Crystal Raman Scattering.The NAGA molecule ha€;
symmetry. The 16 atoms in NAGA give rise to 42 internal
vibrations, all of which can be Raman and infrared acti¥e.
The NAGA crystal is monoclinic and of space groupR#/n,
or in Schmflies notationCy°. The four molecules per unit cell
give rise to 168 internal vibrational modes, 12 rotations (r), 9
translation modes (t), and 3 acoustical modes (a) (Table 1). The
factor group center of inversion results in only@radeRaman
active crystal vibrations. One-half belong to thgikeducible
representation, while the other half belong to thgrBzducible
representation. Very few of these bands are preresonance
enhanced with 244-nm excitation, close to the NAGA> 7*
transitions.

If 90° or backscattering polarized Raman measurements are
made with the incident and scattered light polarizations coin-
cident with the orthogonal crystallographic coordinate system
abc, Ag vibrations of a monoclinic crystal will appear only in
the @a), (bb), (c'c’), and @c) polarized spectra, while theyB
vibrations will appear only in theap) and pc) polarized
spectr® The Raman tensors are

aod
aC’y(Ag)z 0OboO
doc
0OeO
aC’V(Bg)= eOf (1)
0f O

We were unable to measure the Raman spectra of our crystals
with the incident and scattered light polarized along the
crystallographic coordinate frame because we had to excite along
the optic axe$.Only in the case for whichkX = a did the
polarization direction of the incident and scattered light coincide
with the a crystallographic axis. Only this VV measurement
contains only 4 vibrations. For all other spectra both, And
By vibrations will appear.

The crystal spectra do not show resolved splittings between
the Ay and B, crystal symmetries of each vibration. This
probably results from the fact that we are in the oriented gas

(26) Turrell, G.Infrared and Raman Spectra of Crystalscademic
Press: London, 1972; pp 5@41.
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Table 2. Crystal and Molecular Raman Tensors of the NAGA Amide Vibrations:

A-III (secondary)

065 0 -0.58 0  +090 0 180 0 0
a(A)=| 0 108 0 o(By)=|£090 0  £0.57 a™(A)=1] 0 -068 0
-0.58 0 039 0 +057 0 0 000 1
A-III (primary)
069 0 -065 0 £099 0 176 0 0
A(AY=| 0 077 0 | a™(By)=|099 0o +1.02| o™ (A=| 0 -111 0
065 0 0.9 0 #102 0 0 0 1
A-l
063 0 -038 0 +084 0 154 0 0
aYA)=| 0 0712 0 | a™(By=|084 o +0s51] a™(A=| 0 -051 0
-038 0 068 0 +051 0 1
model limit due to the small intermolecular interactions; the 601
Ay and By crystal symmetries of each NAGA vibration have
essentially identical frequencies. 5 501
The observed polarized crystal Raman intensities are given 3
by : 401
T,.Q 2 T,.Q 2 ; €10y
o = Ale, o (Age,|” + le, e (Byle,|) 2 z
25|
The e, and e, are unit vectors parallel to the exciting and ; 201
scattered electrical fields, respectivelystands for the transpose —_— I
of the vectore,; and A is a proportionality constant®(A)
anda®(Bg) are the Raman tensors of thg &nd B, vibrations 0l
in the laboratory frame. These differ from th&Y(Ag) andoc- L
(Bg) tensors in the crystallographic frame, but are related to 10’00 1200 14'00 m'oo 1200
them through the appropriate rotation matrigé§A ) = RTocY-
(Ag) R, etc., whereR is the orthogonal rotation matrix. (See Raman Shift / cm"
Appendix.) Figure 8. Parallel (]) and perpendicular({) polarized 244-nm UV

The intensity of a polarized Raman band measured in the Raman spectra of aqueous solution of NAGA. Excitation power was
crystallographic frame is proportional to the sum of squares of 7.5 mW; accumulation time, 50 s; concentration, 0.4 M. The shaded
the values of the¥(Ag) anda®Y(Bg) Raman tensor elements  peaks derive from the symmetric stretch of the perchlorate internal
(a b, c, d, e orf). Since the factor group symmetry operations standard (0.2 M).
leave these elements unchanged or change only their %igns,
each molecule of the crystal unit cell contributes identically at = Inv(1) = Ix(1), Itn(1) = Iv((1), and for the second crystal
the intensity level to the polarized oriented Raman spectra takenorientationlvy (2) = 1xx(2), lvi(2) = Inv(2) = Ix(2), 1nn(2) =
in the crystallographic frame. IvY(2).

4. NAGA Amide Raman Tensors and PART Orientations. We utilized our measured angles of = 37.5 for the
We can relate the crystal Raman intensities measured in theorientation of the optic axis, and the measured crystal orientation
laboratory frame to the tensor elements in the crystallographic angle& = 30° to calculate then®¥(Ag) and a®¥(Bg) Raman
frame (see Appendix). We can then relate the tensor elementstensors for the A-llls, A-llip, and A-| vibrations of the NAGA
in the crystallographic frame to the molecular diagonal Raman crystal (Table 2). Because the A8 equations are transcendental,
tensor components, whose axes lie along the principal axis of second-order expressions, we do not obtain a single unique
the molecular Raman tensbi,e., the Principal Axis of the solution. We can select the unique solution by utilizing the
Raman Tensor (PART). additional information on the Raman tensor elements obtained

We curve-fit the polarized crystal Raman bands by using from depolarization ratio measurements of randomly oriented
Lorentzian functions. We calculated the peak areas of the amideNAGA molecules dissolved in watéf. We should note,
| band, and of the amide Ill bands of the secondary and primary however, that this creates an implicit assumption that insignifi-
amides at 1653, 1305, and 1413 dmThese values were used cant differences occur for the invariants of the NAGA Raman
to calculate the Raman tensor and the PART orientations of tensor between the crystal and the solution. The measured Figure
the A-1, A-llls, and A-lllp bands of NAGA in the crystal. 8 depolarization ratios arg(A-llls) = 0.35, p(A-lllp) = 0.51,

Equations A8af in the Appendix relate the observed Raman andp(A-l) = 0.29. The 244-nm solution-phase depolarization
intensities. for the two crystal orientations to the Raman tensor (27) (@ Tsuboi, M. lkeda, T.. Ueda, 7. Raman Spectrost991, 22,
elements in the crystallographic franw¥(Ag) and a®(Bg). 619-626. (b) Tsuboi, M.; Thomas, G. J., Jppl. Spectrosc. Re 1995
For the first crystal orientation we havg, (1) = Ixx(1), lvn(1) 32(2), 263-299.
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ratio of the NMA A-lll band isp = 0.33, while the AM A-llI
band isp = 0.37.
The depolarization ratio is related to the symmetric Raman
tensor elements B§2°
37/2

=—r— 3
45a° + 4y* ©

P

where
a= Yy, + oy, + o) (3a)
and

7/2 = 1/2{ (axx - 0*yy)z + ((ny - 0‘27)2 + (azz - axx)z +
6(ay” + ay,” + o)} (3b)

where the tensor elements are defined in the molecular frame,Pimary CO bond

For each vibrational mode we calculated the crystal frame
Raman tensormo'sy = aY(Ay) + a°Y(Bg)] by appropriately

rotating the measured laboratory frame crystal Raman tensors

subject to the constraints given by eqs 3 and our measured

values. The molecular diagonal Raman tensor in the PART

frame, oM is related to crystallographic frame Raman tensor,
amolcry by

amolcry — RT amol R

(4)

whereR(6,¢,y) is the orthogonal rotation matrié, ¢, andy
being the Euler's angle¥,and

r, 0

r

[

XX

®)

ZZ

N
~ O O

0
vy 0 |=a
aZZ

O\<QO

(08
o™ =0 0
0 0

o

wherer; =o/ozz andry = o/

We determined the Raman tensor elementsind r, and
angles#, ¢, andy by solving

l.=Kle, R"a™Re)* e, s=ab,c (6)

where thdgsvalues are those determined in the crystallographic
frame and are given by the square of the individaab, c, d,
e, andf elements of the tensos®™(Ag) and oY (By); K is a
proportionality constant. (See Appendix A of ref 8.) The
elements of the rotation matriX are the direction cosines, which
relate the PART frame to the crystallographic frame.

Table 2 displays the resulting crystallographic frara&(
and molecular diagonal frame Raman tensa®°{) for the

primary and secondary amide A-lll and A-I bands. These tensors

are normalized ta™,, = 1. The orientations of the 244-nm
excited A-lll and the A-1 Raman band PARTs are given in

Table 3. The most striking feature is that the major axes of the

Raman tensors (MARTS) of the amide A-lll and A-1 Raman
bands lie well out of the amide plane. This is in clear contrast

Pajcini and Asher

Table 3. (a) Crystal and (b) Molecular Orientations of the
Principal Axes of theN-Acetylglycinamide Raman Tensgor

(a) Crystal Orientations

Al Alll
angle between _ (Secondary) (primary) Al
PART and X y z X y z X y 2

aaxis 54 144 85 58 143 73 51 139 80

b axis 52 59 53 59 55 60 52 51 62

¢’ axis 58 73 142 47 79 135 62 79 150

(b) Molecular Orientations
A-lll A-lll
angle between (secondary) (primary) A-l
PART and X Yy z X 'y z X Yy z

secondary amide plane 46 4114 54 36 -3 52 32 -18
secondary CO bond 130 41 84 126 36 87 125 35 92
secondary CN bond 83 118 151 76 114 152 84 127 143
primary amide plane —16 28 57 —22 27 54 -15 38 48

140 66 119 129 59 126 135 66 125

primary CN bond 26 65 87 24 71 75 20 70 88

aThe angles are given in degrees and have a maximum likely error
of £+ 3°.These orientations are obtained from 244-nm excitation Raman
measurements of M-acetylglycinamide (NAGA) crystal.

amides) lies 52and 15 out of secondary and primary amide
planes, respectively.

For simple cases of isolated amides such as NMA, formamide
and propanamide the A-lll vibrational enhancements are
dominated by the-185-nm amider — z* (NV 1) transition even
far from resonancé’ In this case the A-1ll MART would be
parallel to the amider — z* electronic transition moment,
which lies in the amide plarfeln the more general case, with
preresonance excitation, small contributions from other transi-
tions can occur to cause the MART to orient slightly off of the
direction of the dominant dipole transition moment. The fact
that the NAGA MARTS lie significantly out of the amide planes
indicates that the two NAGA amide — * (NV ;) transitions
are involved in the enhancement, and thus, these different
electronic transitions are intimately coupled.

Figure 9 shows the orientations of the NAGA PARTS of the
primary and secondary A-lll vibrations relative to their respec-
tive amide planes. The amide planes lie in the plane of the page.
The PART component which lies closest to the amide plane
(but not in it) is drawn as a completely solid line. The two other
PART components lie in a plane, which forms an angle &f 76
to the secondary amide plane and® @8 the primary amide
plane. The lengths of the PART axes are proportional to the
absolute values of the Raman tensor elements. An important
feature is that similar PART orientations occur for both the
primary and secondary amide Il bands as well as for the amide
| band (Table 3). The trace of the secondary amide A-lll
vibration Raman polarizability tensor is less anisotropic than
that of the primary amide (Table 2), which accounts for its
smaller solution depolarization ratio compared to that of the
primary amide A-Ill vibration.

5. NAGA Molecule Electronic Transition Moment Ori-

to the in-plane orientations expected for the MARTS in the case €ntations.We can utilize the NAGA UV preresonance Raman

of isolated amide&?’ The MART of the A-llIs lies 48 out of
the secondary amide plane, while the A-lllp MART is°2sut
of the primary amide plane. The A-I vibration MART (which

tensor data to determine the NAGA electronic transition moment
orientation(sf The NAGA dipeptide has linked primary and
secondary amides separated by a methylene group. We begin

is a weighted average from the linked secondary and primary OUr analysis by assuming that we can understand the NAGA

(28) Long, D. A.Raman Spectroscop¥icGrow-Hill: New York, 1977;
pp 46-58.

(29) Wilson, E. B., Jr.; Decius, J. C.; Cross, P M&lecular Vibrations
Dover: New York, 1980; pp 285286.

electronic transitions by considering interactions solely between
the adjacent twor — z* (NV ;) electronic transitions of the
secondary and primary amides, which are similar to those of
NMA and AM. We include only these lowest energy strongly
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unit vectors parallel to the exciting and scattered light polariza-
tions. M is the electric dipole moment operator.

The Born-Oppenheimer approximation factors the electronic
and vibrational wave functions. Thus, in the preresonance regime

eq 7 becomes
1 [(J)|ep-M [n(Inje,-M |00
(a’pa i] = _ _ —
hc 5 Vro ~ Vo — VL
1—/'n 1—}!n2
Z[ﬂ)jmk[ﬂhk]Oi 1-—k—+K—— (8)
'T/”n 1—}un2

where the second term of eq 7 apgk are neglected in our
preresonance case', is the frequency of the Raman active
vibration in excited stat@. Thusvpx = Vo + k¥’ andv'y =
Vno — Voi — VL. For preresonance excitatior, is significantly
smaller tharv'',; thus, we include the first two terms of the
binomial expansion (eq 8).

The first term of the FranckCondon summation oveq is
equal to unity forj = i and is responsible for the Rayleigh
scattering. This term equals zero for the Raman transitien
0toj = 1. The second terfa34equals 0n/~/2)(v'/7'"1), while
the third term turns out to b&{/~/2)(02 + 1)(v' 27" 12), where
Figure 9. Orientations of the principal axes of the Raman tensor ¢, is the dimensionless displacement of excited statsative
(PART) for the NAGA primary and secondary A-lll bands relative to  tg the ground state along the normal coordinate of the Raman

their respective amide planes. The rgspective amide planes lie in theactive vibration. Thus, eq 8 for the Raman transitioa 0 to
plane of the page. None of the axes lie in the amide plane. The PARTj = 1 can be written

component, which is the closest to the amide plane, is drawn as a

A-III (primary)

completely solid line. The perspective plane contains the two other _,
PART components. The lengths of the axes are proportional to the 1 1 |:(D|ep.M [nnje, M |0[F On V',
magnitudes of the Raman tensor values. Zhgis length equals unity (on 0o — _ _ _ I
for both bands as we have normalized the tensors with= 1. The hc 5 Yo~ Yoo~ L l \/E Von
actual magnitude oft,, is different for secondary and primary A-IIl S 7 2
bands. n n
—(0,2+ H—-..[ 9
allowed transitions because we have shown that these transitions 2 .
dominate the amide band preresonance Raman enhancements
for excitation from the visible down to 184 nH322.30 The values ob,, V', and?'', for each vibrational normal mode

The Raman intensities are proportional to the modulus generally differ between the differentexcited states. We relate
squared values of the polarizability tensor elements, which are the values ofd,, ¥'n, and ", for the NMA A-lll vibration
in turn determined by the coupling between vibrational and enhanced by the NMransition to the NAGA secondary amide
electronic motion within the entire manifold of excited vibronic A-lll vibration enhanced by the coupled electronic transitions

states. The KHD description of Raman scattering fromi ttoe in NAGA by solving simultaneous relations for the Raman
j vibrational levels of a normal mode of the ground electronic intensities measured for two different excitation wavelengths.
state 0 ig1~33 These expressions utilize the following equations for the A-lI

Raman intensities for NMA and NAGA:

1 [(Dj|ep-M Ink{nkje,+M |0i] \s ,
(o‘pa P _ _ _ - + _ Mnma Onma?' Nma
hcfx| V= Vo — VL~ 1Yk Inma = T — ) \Proun — 71 (10)
[0jle,M |nk[|]I:hk|ep-M|0iE|]
o o ) M2 o7 M2 o |
Vo ™ Vo T VL T 1V J Inaca = Cl= R e (11)
Vo=V V.=V V=TV V_—7

where the summation occurs over the electronic excited states, ) )
n and their vibrational levelsk. vn, 7o, and vq are the where we neglect the homogeneous line width term for our

frequencies (cm?t) of stategnki]|0i[] and|0jL] respectivelyy, preresonance excitation, a@ds a proportionality constant. The
is the frequency of the exciting lighn« is the homogeneous  (¥'W/7'"n)? term is ignored because it is small compared't
line width of each vibronic state (ct¥); ande, ande, are the ~ ¥"n for our preresonance 244- and 228.9-nm excitatiqia,
V4, andv_ are the frequencies of the-@ transition {0 — Vo0)

Kriﬁ’%) A‘Ssgerpsﬁyg';éﬁe'jﬁ; %héé';lgihg";étzz_eéésﬁnne“ R Mirkin, N.G.. ¢ NMA and the two coupledr — z* transitions of NAGA,

(31) Placzek, GHandbuch der RadiolgieMarx, E., Ed.; Akademische ~ respectively. We estimated these values by subtracting 4000
Verlagsgesellschaft: Leipzig, Germany, 1934; Vol. IV, 2, pp 26%4. cm! from the frequency maxima of the absorption bands to

gﬁ)"gir';"b'gi\i/” fggAEhI;;g‘{‘rfl'aﬁl%'gz;mma”s 256. US Atomic Energy  account for the absorption Frane€ondon blue shifts of the
(32) Albreht, A. C.J. Chem. Phys1961, 34, 1476-1484. maxima from the 6-0 transition frequencies, according to the

(33) Ting, C. H.Spectrochim. Actd968 24A 1177-1189. results of Mayne and HudsafWe estimate that for NMA in
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aqueous solution the NMzr — 7*) 0—0 transition frequency
band occurs at 50 000 crh and that the NAGA coupled
transitions occur at 52 000 and 49 000 ¢m

The measured intensity ratios of the aqueous solution NAGA
secondary A-lll band to that of the NMA A-Ill band excited at
244 and 228.9 nm armAGA/INMA = 1.224+ 0.04 andINAGA/
Inva = 1.15 £ 0.05, respectively. The measured values of
Mnma2, M2, and M2 are 7.78, 11.02, and 6.76Despectively.
Thus, we can write the following two simultaneous equations
for 244- and 228.9-nm excitation, respectively:

0.091,7', +0.1065 ¥ _ = 0.108ya¥ s (12.1)

0.16®, 7', +0.240_v'_ = 0.21®\pya ¥ nma (12.2)

All ¢’s are expected to have the same sign since they derive
from coupling of very similar vibrations to similar electronic
transitions. This supposition is confirmed by the fact that the
two largest tensor elements of the NAGA crystal for the
secondary A-lll vibration are of the same the sign.

Fromeqs 12.1 and 12.3, 7'+ = 1.56_¥'_ and by using also
eq 9 we obtaimv' /(v — 7)) = (1.05+ 0.0)0_v'_/(v- —

1) for 244-nm excitation®_= 41 000 cm?). This means that
the Raman polarizability contributions from each of the two
NAGA electronic transitions are very similar for 244-nm
excitation. The above result indicates a substantial mixing of
the original primary and secondary amide electronic transitions,
which results in a smaller A-lll FranekCondon factors within
each NAGA molecule excited state compared to what is present
in the NMA molecule. Similar results are obtained for the
NAGA primary A-1ll band by comparing it with the AM A-llI
band; thuspv'y = 1.43-v'— and o4V +/(v+ — ) = (1.05

+ 0.10-v'_/(v— — w) for 244-nm excitation.

If these two mixed electronic transitiond/. and M_,
dominate the KHD sum over states in eq 8, we can determine
their relative transition moment orientations from the experi-
mentally measured Raman tensor eleméata.linearly polar-
ized resonant electronic transition in the diagonal frame results
in only a single Raman tensor elemet where direction is
parallel to the electronic transition moment. If we defingas
the NAGA Raman polarizability tensor element derived from
electronic transitiorM + in its diagonal frame, and.- as the
tensor element derived from thM_ transition in its diagonal
frame,a+ ando- are oriented along their respective transition
moment directions. 1M is parallel to the; axis in thex;yz
coordinate system and _ is parallel tox; in the x;yz system,
the Raman tensor elementg ando,;in thexyzPART frame
of the NAGA crystal are given Gy

o, T a,,=a, +o_ (23)

Q0

= a,a_sin’g (14)
where 5 is the angle between th® . and M_ transition

moments.

The polarized oriented Raman crystal measurements discusse(;h

above determine the values ofx and o, We require an
additional relationship to uniquely determine, o, and the
angles. We can utilize the ratio

2, —\2s =
oy  IMT(r. —w) 0,

@M _[P (7, — )70V

(15)

to obtain,o.+/o— =1.3 at 244 nm and;/a— = 1.0 at 229 nm.
This ratio is reduced to 0.05 at 206.5-nm excitation. In eq 15,
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Figure 10. Orientations of NAGAM. and M_ dipole transition
moments compared to the orientations of the unperturbed(®> 7*)
transition moments of each fragment; and m,. All the transition
moments lie in the same plane.

v, =52 000 cntl andy_ = 49 000 cn1! are the 6-0 transition
frequencies of the NAGAM + and M _ electronic transition
moments.

From these relationships for the secondary amide 11l vibration
we calculate an acute angbeof 75° & 4° (the obtuse angle is
105> + 4°) between theM i and M_ electronic transition
moments. We can similarly use the Raman tensor data of the
A-lllp and A-I bands which yield acutg angles of 76 + 4°
and 80 + 4°, respectively (average value gf= 77° + 4°).

The anglet between the larger transition momeht,. and
MART is8

¢=",tan *{—a_sin(P)/[a, + a_cos(P)]} (16)

The value of¢ is extremely sensitive to the/o— ratio, in
contrast to the anglg between the transition moments. We
calculate that is 4° for A-llls, 5° for A-lllp and 2° for the A-I
MART, although given our error analysis it is possible that these
angles could be as large as°18Ve conclude that the 244-nm
excited Raman spectra NAGA MART orientations of these
amide vibrations are almost parallel to the higher frequévicy
transition moment. The orientations of the NAGA, andM —
transition moments are shown in the Figure 10. The angles
between theM; and M_ and the isolated amide transition
moments are discussed below.
6. Mixing between NAGA Primary and Secondary Amide
ansition Moments. NAGA is a dimer of primary and
secondary amides. In the crystal these two amide planes are
nearly perpendicular with a dihedral angle of 8bhe magnitude
of coupling between these two transitions should be related to
the relative orientations of theim; and my & — a* (NV 1)
electric dipole transition moments.

The NAGA dimer excited states can be modeled as linear
combinations of the locally excited amide configuratiéhighus,
if we write the local ground-state wave functions of the primary
and secondary amide as and.r, and their respective excited
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Figure 11. Energy level diagram for coupling of ther* excited states
and the respective dipole transition moments in NAGA®; is the
dipeptide ground-state wave function, white andz, are the ground
states of each isolated amide;* 7, and mur* are locally excited
configurations andr* and z—* are the NAGA excited stated ; and
M_ are the NAGA transition moments, whil@; and m, are the
respective dipole transition moments of the isolated amides.

states asty* and my*, the NAGA dimer excited-state wave
functions can be written as

. * = cosa (m,*m,) + sino (7,7,%) (17.1)

w_* = sina (7,*7,) — coso (7,7,*%) (17.2)
wheres;* 71, andmyro* are the locally excited amide states and
o is the mixing parameter (Figure 11), with & o < 90° and
o = 45° for identical monomers.

The dimer transition momendd + = [&r* |M |r.CandM —
= [&_*|M|mmolcan be written as

M, = cosam, + sina.m, (18.1)

M_=sinom; — cosa.m, (18.2)
where m; = B[]_*ﬂ:Z'M |n1n2Dand my = E[]_Jl’z*|M |n17t2[Iare
the individual amide fragment N\Vr — sz* dipole transition
moments of AM and NMA, respectively, as we will shown

J. Am. Chem. Soc., Vol. 121, No. 47,0349

Table 4. (a) Possible NY Transition Moment Orientations in
Primary and Secondary Amides and (b) Interaction Enéigy
Mixing Parameten,, and NAGA Transition Moments Magnitudes
for Different Orientations of NY Transition Moments in Primary
and Secondary Amides

@

angle between Clark®®crystal Pajcinietaf corrected by
C=0 bond and dat& crystal dat& Woody?P
m;@ —35+3 —25
my? —55+5 —46+ 3 —-35
(b)
my my ye (08 M4 M| U
(deg) (deg) (deg) (deg) (D) (D) (cm™) 2U/sin 2o
—-35 55 97 —-22 271 323 734 2098
—35 —46 90 0 316 279 686
-25 =35 80 27 3.28 265 881 2172
—-25 —40 84 20 321 273 935 2909
experimental 3.32  2.60 3270
data

am; is the NV, transition moment of the primary amide andg is
the NV; transition moment of the secondary amide. They both lie in
their amide plane<. The angles are given in degrees with positive
angles measured toward the N atom of the amide groujs the angle
between the unperturbed NYfansition moments; andm; in NAGA.
The distance between two NAGA chromophoreRis= 3.16 A.

NAGA monomers in aqueous solution, we must relate the
transition moment orientations observed in the single crystal to
those occurring for NAGA monomers in solution. We assume
that the NAGA structure in aqueous solution differs insignifi-
cantly from that in the crystal. Even if a number of solution-
phase conformers are present, we assume that conformations
close to that in the crystal dominates.

Clark®® and Woody? have argued that the crystal field and
crystal excitonic effects significantly alter the transition moment
orientations. For example, the gas-phase Mahsition moment

spectra of AM and NMA, while their orientations have been
experimentally determined from previous single-crystal
measurements36-38

at —25° from the carbonyl bondt10° from the observed crystal
value3® Woody also calculated that the secondary amide
N-acetylglycine N\{ transition moment occurs at35°, 20°

For example, our preresonance Raman single-crystal mea-away from the observed crystal value (Table %a).

surements of glycyl-glycirfedetermined that the secondary
amide N\ transition momentm, orients within the amide
plane,—46° 4+ 3° to the carbonyl bond (positive angles are

If m; and m, were oriented at-35° and —46° from their
C=0 bonds, they would have crystallographic frame direction
cosines of (0.765-0.641, —0.056) and {0.608, —0.743,

defined such that the transition moment forms an acute angleg »7g), respectively. In this case the angles between the primary
to the carbonyl bond on the side containing the N atom of the o_jjj MART and m; andm, would be 26 and 70, while the

amide group). Clark’N-acetylglycine linear dichroism mea-
surements also found that the secondary amide thsition
moment occurs in the amide plaffehowever, the angle was
found to be—55° + 5° to the carbonyl bond, which differs by
an amount just greater than the experimental uncertainties.

For the primary amiden; orientation, we can use Clark’'s
propanamide resutf that the N\{ transition moment orients
in the amide plane at35° + 3° from the G=0 axis; this value
is insignificantly different from the-41° angle measured earlier
for myristamide given Peterson and Simpson’s likely experi-
mental uncertaintie¥’

To calculate excitonic interactions between the amide transi-

tions from the measureil . and M _ magnitudes of isolated

(34) Hutchinson, EPhys. Re. 1930 36, 410-420.

(35) Faster, ThDelocalized Excitation and Excitation Transfétpdern
Quantum Chemistry, Istambul Lectures; Sinanoglu, O., Ed.; Academic
Press: New York, 1965; Part Ill, pp 9337.

(36) Clark, L. B.J. Am. Chem. Sod.995 117, 7974-7986.

(37) Peterson, D. L.; Simpson, W. J..Am. Chem. So&957, 79, 2375~
2382.

(38) Ward, J. CProc. R. Soc. Londott955 A288 205-219.

angles between secondary A-lll MART ang, andm;, would

be 16 and 75. If m; is at—25° andm; is at—40° the primary
A-lll MART would make angles to them of 3Jand 67, while
the secondary A-1ll MART would make angles of®2énd 7%,
respectively. The fact that the primary and secondary A-lll
MARTS are oriented more along; thanm; is associated with
the larger NAGA enhancement occurring from the primary
amide transition.

We will calculate the amide excitonic interactions using all
of the possiblem; and m, orientations discussed above. We
also examine the possibilities that occurs at-40° and—55°
from the carbonyl bond (Table 4).

The NAGA transition moments must lie in the plane
containing the transition moments of the unperturbed primary
and secondary amides. This expectation is also consistent with
our determination that the MART of the secondary A-lll lies
only 2—3° out of this plane, while the primary A-Ill and A-I
MARTSs lie only 1& 4+ 3° and 9 + 2° out of this plane.

(39) Woody, R. W.Prog. Biophys. Mol. Biol1996 65 (Suppl. 1), 57.
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However, the second largest z-PARTSs clearly lie out of this
plane by 29 for the primary A-lll band, 36for secondary A-llI
band, and 43for A-l band. This is expected, since tlgy
Raman tensor element value is not zero. This suggests that some
preresonance Raman enhancement also occurs from additional
electronic transitions. The similarity of the UV Raman spectra
of NAGA to that of AM and NMA suggest that these additional
transitions derive from transitions of the individual primary and
secondary amides. However, it is also possible that some
contribution occurs from new NAGA charge-transfer transitions
similar to those calculated recen#i§lt is likely that careful
NAGA solution Raman depolarization ratio dispersion measure- /
ments could determine the types of transitions contibuting to /
enhancement. ¥ MART

In principle, o can be calculated using eqs 18.1 and 18.2 from Figure 12. Orientations of NAGAM. and M- dipole transition
the NAGA transition moment magnitude®) ;| and|M |, and moments and the; andm, r — a* transition moments of the isolated
the AM and NMA transition momentsn; and m,, obtained chromophores. All moments lie in the plane of the figure. The lengths

from aqueous solution absorption spectra. We can obtain from of the moments are drawn proportional to their magnitudes. The Raman
egs 18.1 and 18.2 ' tensor major axes for all amide vibrations (MARTS) lie in this plane,

close to theM + moment. Only the A-llls MART is shown.

m,

2 _ 2 . 2
IM.|"= co§a|ml| + sm2a|m2| + isolated NAGA in aqueous solutian; andm, orient at—25°

2 sina. coso/m,||m,|cosy (19.1) and—40° to the carbonyl bonds. We must recognize, however,
that our use of the point dipole model may be inaccurate at
IM_|? = sirf am,| + co€ a|m,|* — these short distances. In the future we hope to examine these
2 sina. cosam,||m,|cosy (19.2) interactions by theoretical calculations that allow us to calculate
the interaction using a distributed dipole or monopole approach.
wherey is the angle betweem; and ms. Thus, we find for NAGA in agueous solution an angleyof
Equations 19.1 and 19.2 are not independent and, thus, cannot= 84° between the unperturbea; andm, transition moments.
by themselves be used to determine uniguandy values. From egs 18.1 and 18.2, we calculate an acute angle between

We can, however, calculate possilolevalues from the list of M+ andm; of 22° and betweeM _ andm; of 15°. This gives
possibley values calculated from the possible orientations rise to an acute angle of 77obtuse angle 103 between the
discussed above (tabulated in Table 4b) We will choose the NAGA rnc)'ecule,\ﬂJr andM _ transition momentS, in agreement

a-value that gives us the best fit for thé, andM- values.  with our Raman experimental measurements (see Figure 12).
We find thato. monotonically varies fronw = —22° for y = The MART of the secondary A-lll vibration lies almost parallel
97°, to a = 27° for y = 80°. We immediately negleat. = to the NAGAM . transition moment. The degree of mixing of

—22° since it lies outside of the acceptable rande<Oa <
90°. A value ofa. = 0° would indicate the absence of excitonic
interactions.

We can make further progress by utilizing the observed
energy splitting betweeM ;+ andM — to further constrain the
possible values oft. The energies of the* ; andz* _ states

the amide transitions is evident here, since this originally was
the primary amide transition.

The orientations oM 4, M _, m3, andm, are shown within
the NAGA molecule in Figure 10, where the plane of the page
contains the transition moments. The plane contaiMngand

are given b M- shows dihedral angles with the primary and secondary
amide planes of+80° and ~35°, respectively.
W, = Y,(W, + W) + (U/sin 2u) (20) Our calculatedx = 20° mixing parameter, indicates excitonic
mixing between the secondary and primary amide electronic
whereW; andW are the energies of the configuratiaws,r, transitions. For exampléyl — is primarily a secondary amide

andz* m, and 2J/sin 2o is the energy splitting between the  transition with a~36% contribution from the primary amide
a* 4+ ands* _ states (Figure 11)J is the electric dipole transition ~ transition moment, whileM 1 is primarily a primary amide

moment interaction energy:3° transition. The excitonic coupling cause the enhancement from
M _ to decrease due to the negative sign in eq 18.2 for an acute
U=(m;my)Ry, °— 3(M;*Ry)(MyR)R, > (21) angle betweerm; and m,. Thus, My is calculated and is

observed to dominate the enhancement of the amide vibrations.
WhereRlz iS the vector between the two monomers. In NAGA, A|ternat|ve|y we can use a more emp|r|ca| apprd’éc(bq

1), whereR;, = 3.16 A and vectoRy; has crystal components  oyr experimental NMA and AM transition frequency data:
(1.21,-0.044,—2.92). We assume that the transition dipoles

are sufficiently close that we can assume a dielectric constant
of one.

Table 4b shows that these calculated splitting energies only
approach our 3270 cnh measured value fax = 20°, otherwise We obtain a mixing parameter = 28.2 from the experimen-
the splitting is much too low. This result is consistent with the tally measuredV, — W- = 3270 cn1. This argues for stronger
m; and m; orientations which are close to those Woody mixing between the monomer transitions. The resulting interac-
suggested would occur for the isolated amides unperturbed bytion energyU = 1361 cn1? is significantly larger than that
crystal field effect$® Thus, we tentatively conclude that for calculated from dipoledipole interactions (eq 21) or using

W, = ,(W, + W) £ [(W, — W,)2cos 2] (22)
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monopoles? The fact thatU exceeds our calculated through- DOE) for UV pseudo-absorption measurements using beamline
space interaction energies may indicate that through-bond{U9B, U11l, X13A which is supported by the Office of
coupling may be also be significant (in the form of mixing with  Biological and Environmental Research, OS, and UDOE. We
CT transitions'? for example). The value af = 28.2, can be also thank John G. Trunk for his kind help in the UV absorption
calculated from eq 19 to result in a valueyof= 78°, essentially experiments.
identical to that calculated earliey & 77° £ 4°). .

We anticipate much larger excitonic interactions for peptides APpendix
in B-sheet structures, for example, where the adjacent secondary Here we relate the Raman tensor elements and the Raman
amide planes lie almost parallel to one another. Further, therejntensities in the crystallographic frame to those measured in
is the additional possibility of interactions between the frontier the |aboratory frame, for our NAGA crystal, which has its optic
orbitals of the adjacent amides. These types of interactions, forpjane perpendicular to the crystallographic axis.
example, give rise to conjugation in polyenes. This, of course,  |n the first set of the measurements, ¥¥Zlaboratory frame
would be minimized for NAGA, where the amide planes and s related to the orthogonal crystallographic frame by a rotation
their z-orbitals are almost perpendicular. We will examine this of anglew about thea = X axis. The rotation matrix is
issue further in dipeptides where the amide planes are more

parallel. 10 0
Finally, our conclusions concerning the magnitude of exciton Ry(w) =[0 cosw sinw (A1)
mixing between the NAGA primary and secondary amides 0 —sinw cosw

depends on whether our assumption of the oriented gas modelrs, the Raman tensor in the laboratory syste##(® for the
is correct. If, instead, comparable or larger excitonic interactions first set of measurements is given by

occur between adjacent NAGA molecules in the unit cell, this

will confound our analysis. Our use of the oreinted gas model o® =R ()a®R,(w) (A2)
is rationalized by two experimental facts: (1) The primary and

secondary amides lie closer to one another in NAGA than do \herea is the Raman tensor expressed in &g Cartesian

a 3-fold larger NAGA intramolecular interaction. (2) The molecular vibrations of the irreducible representationaid
perturbation in the Raman spectra of NAGA compared to the B o< is written ag®

sum of the spectra of AM and NMA is essentially identical for
the isolated solution NAGA spectra and the NAGA crystal.
Since the vibrational modes remain essentially identical, this uC’y(Ag) =
indicates that the excited-state perturbations are dominated by
the intramolecular exciton interactions present between the
amides within each NAGA molecule. Thus, the contributions

from intermolecular exciton interactions must be much smaller.

(A3)

o™ (B, = (A%)

O ®M® OUT O

d
0
Cc
0
f

0

OO O oY

Conclusions For an Ay vibration, we obtain the following Raman tensor

. elements in the firsKYZlaboratory system:
UV preresonance single-crystal Raman measurements have

been used to determine the coupling between the amide
transitions in N-acetylglycinamide (NAGA), a dipeptide of
linked secondary and primary amides. We find significant
exciton coupling between the secondary and primary amide
transitions even though the unperturbed transitions are almost
perpendicular to one anothey & 80°). The coupled NAGA
transition moments are significantly rotated from that which
would occur from the individual amide transitions.

We anticipate much larger interactions between the linked
amides of peptides and proteins in the more typical cases where
the transition moments are more parallel, such as-helices
and especially irf-sheet peptides where the amide planes are
almost parallel. This should result in stronger coupling between
adjacent amide electronic transitions and excited states.

(1) @

V% =a o ,=a",,=—dsinw

a®,,=bcofw + csirfw

In the same way for a Bvibration the result is

@

o = = oD =
Wy =0 oy =a = ecosw

a®,, = —fsin(2w)

In the second set of measurements, we rotated the crystal around
the optic axisZ, by an angle—&. This means that the new
laboratory frame is obtained from the old one by a rotation
aroundZ axis with an angle€. Thus, the Raman tensor in the
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/3@ — RTZ( £) /3@ R,(&) (A5)
with

cosé sinE O
R,(€) =|—sin& cosé 0 (AB)
0 0 1
From eqgs A5 and A2 we have

(40) (a) Tinoco, I, Jr.; Woody, R. W.; Bradley, D. B. Chem. Phys.
1963 38, 1317-1325. (b) Woody, R. WJ. Chem. Physl968 49, 4797~ lab2) _ T T
4806, a®® =R (OR (@) R(0)R,(E)  (AT)
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Equation A7 gives the following tensor elements in the second functions of the Raman tensors elements of thgaAd B

laboratory frame, for the Qirreducible representation

o, =acog&+ (bcodw + csir w) sir & +
d sinw sin ()

@

oa?,, = (a—bcodw — csirfw) sin& cosé —

H _ 2
dsinw cos (&) = a®,,

a?, =asif& + (bcofw + csin’ w) cog & —
d sinw sin (%)

For the B, irreducible representation the tensor elements are
oa®, = —ecosw sin (%) — fsin (w) sirf &

o, = ecosw cos (Z) + f sinw cosw sin (2£) = a@,,
o?,, = ecosw sin (2) — fsin (w) cos &

The Ay and B, vibrations of the NAGA crystal are essentially

irreducible representations in the orthogonal crystallographic

coordinate system by
ly(1) = @ (A8a)

I (1) = & sirfw + € cogw (A8D)

l,\(1) = (bcof w + csifw)? + f2sin? (2w) (A8c)

l((2) =[acos &+ (bcosw + csirf w) sif & +

d sinw sin (2£)]? + [e cosw sin (2£) + f sin (2w) sin &]°
(A8d)

1, (2) = [(a— b cog w — csifw) sin& cos& —
d sinw cos (Z)]? + [ecosw cos (Z) + f sinw cosw sin

(25))° (A8e)

I, (2) = [asiE + (bcofw + csifw) cog & —
d sinw sin (2)]? + [e cosw sin (2£) — f sin (2v) cos &]?

degenerate. The measured Raman intensity for each band is the (A8f)

sum of contributions from the £fand B, tensors. We can express

the measured intensities in the lab(1) and the lab(2) frame asja990429uU



