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5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrilg ¢rystallizes as seven conformational polymorphs

of red, orange, and yellow colors. Comparable thermodynamic stability of the polymorphs enables the solution
of six crystal structures, a number unmatched by current entries in the Cambridge Structural Database, making
1 well suited for structure property studies. The different crystal colorsldfiave been studied using optical
crystallography, polarized single-crystal absorption spectroscopy and computational methods. Different crystal
colors (“color polymorphism”) are well explained by the conformational differences between polymorphs,
which cause varying degrees ofconjugation between the-nitroaniline chromophore and the thiophene
group. The isolation of different conformers in crystal polymorphs permits an evaluation of computational
models of electronic structures and transitions through observed spectral properties. The newly matured Time
Dependent Density Functional Theory gave the best reproduction of observed wavelengths, oscillator strengths,
and directions of electronic transition dipole moments, outperforming Configuration Interaction Singles, and
even ZINDO, a semiempirical model specially calibrated on electronic spectra.

Introduction feature is found in 5-methyl-2-[(2-nitrophenyl)amino]-3-thio-
Polymorphism, the ability of a molecule to adopt different Egin;;?/xg?gﬂl:%g:%htﬁrefetals“;ecsr;nsalgﬁi:j;/eesnhsg\ll\éeggen
crystal structures, provides special challenges and opportunities olved (Table 1}, making the system not only one of the most

to chemical research and development. The manufacturers o olvmorphic. but also one having the most members for which
drugst?lipids,® pigments, explosives, and other specialty chem- ginéle cg/sta{l structures are sol%ed in the current Cambridge
icals must characterize and control polymorphism to avoid )

polymorp Structural Databas€:18Other remarkable features bifnclude

changes in product properties, variability of crystallization out- . . .
come, and unexpected disappearance of polymdrBlatymor- conformational polymorphisthand different crystal colors (red,
' orange, and yellow). Conformational polymorphism refers to

phism is useful for the study of structurproperty relationships the adonfi £ diff t molecul f " in diff i
in molecular solids® because property differences between € adoption of difierent molecu’ar conformations in difteren
polymorphs. In the case of, the conformational differ-

polymorphs stem only from different molecular packing and/ . . .
or conformation and not from different chemical compositions. ence is most pronounced in the torsional ardji (Table 1).

The polymorphism arising from chiral molecules enables one A previous study of1’ examined how thermodynamic

to study whether a special affinity exists between molecules of stability is influenced by crystal structure. Yu et al. demonstrated
opposite chirality that causes racemic solutions to crystallize that although perpendicular conformemn ~ +90°) are
predominantly as racemic compounds rather than conglomer-preferred in solution and gas phase, lower-energy crystals are
ates!®11 The poor thermodynamic selectivity of polymorphic  built by conformers that are more coplanéi; ~ 0°) and have
crystallization, frequently observed owing to the small free- higher dipole moments. The same preference prevails among

energy difference between polymorphs (ca. 1 kJ/rHofhoti- other Ar—Ar, type molecules, where Arand Ar, are rigid
vates the development of kinetic strategies for selective aromatic rings connected by a single bafict?
nucleationt3-15 A second study ofl!® investigated the poor polymorphic
selectivity of crystallization and whether selective nucleation
o o N could be achieved with the aid of single-crystal substrates.
T H é// Mitchell et al. demonstrated that the (101) face of pimelic acid
| Bhhio selectively nucleates a metastable polymorph (YN) through
N optimal epitaxial match. The same study also showed that the

(010) face of succinic acid, though less selective as a nucleation
template, leads to oriented growth of a previously unknown
polymorph, the seventh in the family.

1 CH; The present study returned to structdpgoperty relation-
ships, focusing on the structural origin of red, orange, and yellow

Polymorphism-based studies are augmented by systemscolors of the polymorphs. Of interest here were two related

possessing numerous, diverse and known crystal structures. Thiduestions: Are different crystal colors explainable by confor-
mational differences between polymorphs? Can observed con-

* To whom correspondence ahould be addressed. Tel.: (317) 276-1448.formation—color relationships be used to test theories of
Fax: (317) 277-2154. E-mail: yu_lian@lilly.com. electronic structures and transitions? Thin crystals suitable for
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TABLE 1: Crystal Data for the Polymorphs of 1
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form Y YN ON OP ORP R
system monoclinic triclinic monoclinic monoclinic orthorhombic _ triclinic
spc grp [No.] P21/n [14] P1[2] P2i/c[14] P2:/n[14] Pbca[61] P12]

color yellow yellow orange orange orange-red red

habit prism needle needle plate plate prism

a, A 8.5001(8) 4.5918(8) 3.9453(7) 7.9760(9) 13.177(3) 7.4918(5)
b, A 16.413(2) 11.249(2) 18.685(1) 13.319(2) 8.0209(18) 7.7902(5)
c A 8.5371(5) 12.315(2) 16.3948(4) 11.676(1) 22.801(5) 11.9110(8)
a,”’ 90 71.194(3) 90 90 90 75.494(6)
B.,° 91.767(7) 89.852(4) 93.830(5) 104.683(8) 90 77.806(6)
Y, ° 90 88.174(3) 90 90 90 63.617(6)

z 4 2 4 4 8 2

Othio, ° 104.7(2) 104.1(3) 52.6(4) 46.1(4) 39.4(5) 21.7(3)

absorption spectroscopy were grown and indexed by optical- Spectroscopy. Polarized single-crystal visible absorption
crystallographic methods. Observed electronic spectra werespectroscopy was performed with an Instrument SA Raman
compared with results of several computational methods: microscope (Mole 3000) consisting of an Olympus BH-2 light
ZINDO, a semiempirical configuration-interaction method microscope coupled to a two-stage monochromator [an ISA
calibrated on electronic spectf&Configuration Interaction- DHR 320 (600 lines/mm) followed by an ISA HR 640 (1200
Singles (CIS), an ab initio approach based on configuration lines/mm)]. The microscope was Koeller-illuminated with a 12
interaction among singly substituted determin&Atand the V, 100 W tungsten halogen source polarized by a dichroic
Time-Dependent Density Functional Theory (TD-DFT), a polarizer (Melles-Griot). The beam size was set by the field-
recently matured method for calculating electronic transi- aperture to 100um, significantly smaller than the single-
tions2>26The polymorphism ofl is well suited for this purpose  crystalline regions used (at least 286000um wide). The sub-
because different conformers, both stable and unstable instage aperture was set to n=a.0.1 to yield quasi-normal
solution, are isolated in the six polymorphs of known structures. incidence (incidence angte 5.7°). A Zeiss Neofluar Epiplan
Owing to lattice rigidity, these otherwise flexible conformers Pol 10x objective (n.a.= 0.3) was chosen for spectroscopy
undergo only vertical electronic transitions (i.e., transitions for its better near-UV transmission. The monochromator had a
without conformational change), which simplifies theoretical thermoelectrically cooled PMT detector (RCA C31034), and
analysis. In addition, single-crystal spectroscopy directly yields its calibration was checked against-Hde laser and holmium
the direction of electronic transition dipole moment (ETDM), glass.
a property sensitive to the conformational effect on electronic A second dichroic polarizer was placed just before the
structure and the quality of theoretical models. entrance slit of the monochromator in parallel with the first
) . polarizer in order to suppress the effect of extinction dispersion
Experimental Section (wavelength dependence of crystal extinction directions between

Crystallization. Crystal sections Y(010), ON(011), and crossed polars). The following analy_sis demonstrates this id_ea.
R(111) were grown from benzy! alcohol solutions or a super- Let Tr and T2 be the crystal transmittance when the electric
cooled melt at room temperature between a microscope slidevector E is aligned in parallel to the privileged vibration
and a cover glass. The polymorphs were usually identifiable directions of the crystah; and ny, respectively. A slight
on sight from their colors and morphologies and when necessary,Misalignment betweef andn, leads to a composite spectrum,
confirmed by Raman microscopy (Renishaw System 1000) or With the newT, given by [co$0 Ty + sir?d T, + 2 sind cos
melting point (Linkam THMS 600 microscope hot-stage). Under (T1T2)"?cosA], whereg is the degree of misalignmens, is the
the same condition, Form YN grew as fine-grained spherulites rétardation introduced by the crystal between theand no-
from the supercooled melt or curved thin needles from solution, Polarized lights. That is, thé; spectrum is “contaminated” by
neither being suitable for single-crystal spectroscopy. Polycrys- theT2and [T1T2)2cosA spectra, which amounts to 2% and 26%,
talline spectra of YN were recorded through melt-grown respectively, a# = 10°. With the addition of a second polarizer,
spherulites. Thin plates of OP with well-developed (lites  the observed; becomes [cd# Ty + sir'6 T, + 2 sirf6 cos
were obtained by room-temperature seeding of an ethylene(T1T2)2cosAl. At 6 = 10°, the degree of “contamination”
glycol solution saturated at 60C. The first-generation seeds becomes 0.1% and 6%, respectively.
of OP were obtained unexpectedly when Form R was heated at Whenever possible, solution-grown crystals were used for
90 °C for 3 days. Solution grown OP crystals always coexisted Spectroscopic measurement. Melt-grown crystals were occasion-
with ON (orange needles) and were isolated manually and ally chosen because they could be grown thinner. With melt-
transferred to a microscope slide for observation. The simul- grown crystals, the polymorphic identity and crystal orientation
taneous crystallization of multiple polymorphs (“concomitant were carefully checked by Raman microscopy and conoscopic
polymorphism?2?) was more prevalent in a supercooled melt, observations. Crystals were immersed in glycerol (nonsolvent)
yielding as many as three or four polymorphs. to minimize reflection loss. Polarized absorption spectra were

Optical Crystallography. Orthoscopic and conoscopic ob- recorded in the maximal and minimal absorption directions,
servation® were made with a Nikon Optiphot 2-Pol polarized Amax and Amin, and normalized against the background
light microscope. Profile angles (angles between the edgesspectrum recorded with the crystal removed from the light path.
outlining a thin crystal section) were measured with a rotating All measurements were made at 22 without correction for
stage (graduated to°lvernier readings to 'R Conoscopic  reflection.
interference figures (CIFs) were observed through & 6F P This study characterized the crystal colord.dify absorption
Plan objective (n.a= 0.85) and 20 nm-bandwidth interference rather than reflection spectroscopy. The modest extinction
filters (400 to 650 nm). Optic signs were determined using a coefficient of1 (log ¢ = 3.7 for the visible CT band) allowed
quartz wedge. the preparation of crystal sections that were thin enough (ca.
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0.6 um as estimated using Beer’s law) for absorption spectros- The Miller indices fkl) of each crystal section in Figure 1

copy without severe saturation. The chief advantage of absorp-were determined principally by matching observed and calcu-
tion spectroscopy is the ease of sample preparation and theated profile angles (Table 2). Other optical-crystallographic
possibility of performing both optical-crystallographic and observations that aided the assignment of Miller indices or the

spectroscopic measurements with the same preparation. Reflecinterpretation of crystal spectra are summarized below:

tion spectroscopy, though immune from spectral saturation,
requires free-standing crystals with well-developed facets. Such
crystals were difficult to obtain for a large number of poly-
morphs ofl that were needed for structure-spectrum correlation.
This difficulty arose from the preferential growth of thermo-
dynamically more stable polymorphs and polymorphic conver-
sions in slow crystallization.

A Beckman DU7500 spectrometer was used to record-UV
vis absorption spectra of solutions (ca:"10/ in cyclohexane
or methanol) and of the supercooled melt. The sample of
supercooled melt was prepared between two quartz slides.

Computational Chemistry. Vertical electronic transitions
were calculated by CI%, TD-DFT? and ZINDOZ all
implemented in the Gaussian98 suite of progréatsiith
crystallographically determined coordinateghose hydrogen
positions have been re-optimized at the HF/6-31G(D) level. The
lowest-energy conformation of was obtained by energy
minimization at the HF/6-31G(D) level. The structure of
o-nitroaniline (ONA) was obtained by energy minimization at
the CIS/6-31G(D) level. All molecular orbitals were used in
ZINDO for configuration interaction. The DFT used was the
B3LYP implementatiorf° The basis set 6-3#1G(2D,P) was
used for CIS and TD-DFT calculations; 3-21G(D), 6-31G(D),
and 6-3%G(D) were also used to evaluate how computational
results depend on basis sets. With reference to the visible
spectrum of ONA, the chromophore bfthe CIS and TD-DFT
results improved with increasing size and diffusiveness of the

basis set. Among the basis sets tested, the largest performanc

improvement followed the inclusion of diffuse functions, i.e.,
from 6-31G(D) to 6-3%G(D), which is sensible given the

charge-transfer nature of the electronic transition. The final

choice of the basis set reflected the adequate convergence o

computational results and the large resource demand for
molecules the size df.

Results and Discussion

Crystallization and Optical-Crystallography. Figure 1
shows the four single-crystal sections prepared for absorption
spectroscopy, namely Y(010), OP(30ON(011), and R(111),

(i) The Y(010) section showed centered CIF with cross
dispersion (optic sign= +), indicating it is normal to the
monoclinicb axis. Y(010) was found to be thgz section of
the refractive-index ellipsoiét

(i) The OP(10}) section showed parallel and symmetric
extinction and displaced optic axis figures (optic sign—),
indicating the monoclinid axis is perpendicular to the optic
axis plane (OAP).

(iii) The ON(011) section was elongated along ¢haxis.
The oblique extinction, extinction dispersion and off-centered
CIF (optic sign= +) ruled out (001) and (010) as possible
indices.

(iv) The R(111) sections were identified only by profile
angles, since the triclinic symmetry imposes no symmetry
requirement between crystallographic and principal axes. The
CIF contained an off-centered optic axis with strong wavelength
dependence (optic sigr —).

(v) Y(010), ON(011), and R(111) showed strong dichroism
(different colors in polarized light at the two extinction
directions), whereas OP(1pdid not. This difference correlates
with how the ETDMs are projected through the crystal sections
(see later).

(vi) Y(010), ON(011), and R(111) showed extinction disper-
sion (wavelength dependence of the extinction directions
between crossed polarizers), whereas OP(Hid not. The
degree of extinction dispersion is shown in Figure 2. The lack
8f extinction dispersion for OP(101s required by the mono-
Clinic symmetry, since (101is parallel to theb axis.

Solution and Melt Spectra.Figure 3 shows the solution and
melt spectra ofl and the solution spectrum a@Fnitroaniline
fONA), the visible chromophore df. The visible absorption
of ONA arises from an in-plane charge transfer (CT) from the
amino group to the nitro group, giving rise to its yellow
color32 The CT bands of ONA and overlap well at the blue
edges, but differ significantly at the red edges, with the spec-
trum of 1 extending more into longer wavelengths, as indi-
cated by the double-sided arrow. This difference is attributed
to the existence of different conformers bin solution, with
the dominant perpendicular conformeég, ~ +90°) causing

along with the appropriate molecular projections through them. the absorption maximum and the more coplanar conformers
The absorption spectrum of YN was obtained through a (6o approaching ®or 18C¢°) causing the red-shifted absorp-
polycrystalline sample of YN. These five polymorphs cover the tion. The same conclusion was reached previously via vibra-
entire range of colors and conformations observed. Polymorphstion spectroscopy and computational chemiétfjre CN stretch
ORP and RPL were not obtained under the conditions used,band ofl in solution, reproduced above the visible spectra in
despite an extensive search using different solvents and tem-Figure 3, shows a red-shifted shoulder, which was attributed to
peratures. ORP crystals produced from normal solution crystal- the more coplanar conformers in minor population. RHF/
lization were too thick for absorption spectroscopy. To date, 6-31G* calculations revealed a W-shaped potential-energy
Form RPL has been obtained only as fi-sized sublimation  curve alon®nic with minima atfii, = £88.4 and maxima at
deposits on the (010) plane of succinic atidy preparation Othio = 0° (+7.3 kI/mol) and 180 (+15.3 kJ/mol). The
unsuitable for this study. shallowness of this potential energy curve should allow the
Figure 1 shows only one of the two inversion-related faces population of higher energy, more coplanar conformers at room
for each crystal section [e.g., Y(010) but not Y even temperature.
though both were observed with equal probability. Inversion-  The CT band ofl in a supercooled melitfx = 410 nm) is
related faces were distinguishable through the microscope bybroader and more red-shifted than the solution counterpart, a
the way the crystal inclined relative to Amin and Amax feature that also finds a parallel in the IR CN spectrum. These
directions, either as depicted in Figure 1 or as in the mirror features are explained by a higher concentration of thetkgy
image of Figure 1. Inversion-related faces being equivalent for and high dipole conformers in the melt and the red-shift of CT
absorption spectroscopy, only those in Figure 1 will be referred bands in a polar mediui?. Because the dipole moment of
to hereafter. increases from 4ot8 D asOmi, changes from 180to 0°, the
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Figure 1. Morphologies, conoscopic interference figures (CIFs), Miller indices and molecular projections of single-crystal sections used for absorption
spectroscopy: (a) Y(010); (b) OP(10Xc) ON(011); (d) R(111). By protocol, CIFs are shown at thé gésition, not the orientations at which
crystals are drawn. Dotted lines in morphology drawings indicate alternative profile angles observed. Amin and Amax are directions of minimal
and maximal absorption of plane-polarized light at the maximal absorption wavelgpgtid! cw andAt ccw indicate whether Amin and Amax

rotate clockwise or counterclockwise with increasing wavelength relative to the crystal. The degrees of Amin and Amax rotation (extinction)dispers
are characterized by anglés¢ andr and shown in Figure 2. Calculated electronic transition dipole moments (ETDM) in debye are embedded in
the molecular models of crystals as “bonds” starting at the phenyl carbon connecting to the nitro group and ending with symbols signifying
computational methodsx for ZINDO, @ for TD-DFT, andx for CIS. ZINDO returned two transitions for Form R: 419 nfr= 0.16) and 453

nm ( = 0.03).

TABLE 2: Observed and Calculated Crystal Profile Angles Crystal Spectroscopy.Figure 4 shows the visible absorption
(degree) spectra of the crystal sections in Figure 1 and a polycrystalline
angle obs. calc. angle obs. calc. section of YN. By tracing the onset or maximum of the
Y(010) R(111) absorption peaks, one observes a progressive red-shift in the

[100]°[001] 91.8 91.76 [0iJr[121] 152.7 152.76 order Y~ YN < ON < OP < R, a trend in agreement with the
[100]°[001]  88.2 ~ 88.24 [01}Y121] 27.6  27.24 visual inspection of crystal colors. The flattened top of the OP-

Egéﬂ%gﬂ iggg igg% E%ﬂgﬁ]] 1?‘}72'2 1;72'36,3; (101) Amax spectrum indicates spectral saturation which was

OP(10) [101[121] 646  64.60 caused by the thickness of the crystal section used. Despite the
111)[111] 943 9462 [D1J[121] 1158 115.40 slight spectral saturatiomax and Aonset0f OP(10) could be
[111]°[111] [D1][121]
[101][111] 132.8 132.60 [10]"[101] 109.7 109.81 estimated with reasonable accuracy. For crystal sections showing
ooriore G, gras oblOM 708 7019 - extinction dispersion, the Amin and Amax directions were
[1 ]A[ ] : : [1 ]A[— g : : measured atmax as indicated by the open circles in Figure 2.
[100]'[011] 927 92552 [laJ/[121] 134.8 134.79

Computational Results.Table 3 shows the transition wave-
lengthsAmax and oscillator strengthk calculated by ZINDO,
low 6mic conformers can be stabilized in the melt owing to CIS/6-31%G(2D,P), and TD-DFT/6-31G(2D,P). The visible
favorable dipole-dipole interactions or equivalently, a reduction CT band of ONA fmax = 377 nm andf = 0.11) was best
of the torsional barrier ayj, = 0°. reproduced by TD-DFTAAmax = (Amax calc — Amax obg = —3
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Figure 2. Extinction dispersion of the crystal sections in Figure 1,
where the angle$, 7, and¢ are defined. The open circles indicate
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Figure 3. Bottom: UV—vis spectra ofl in cyclohexane and its melt
and the spectrum af-nitroaniline (ONA), the visible chromophore of
1, in cyclohexane. The visible band of ONAinax= 378 nm, oscillator
strengthf = 0.11, dipole lengttQ = 0.6 A. The visible band of:
Jmax = 390 nm,f = 0.13 andQ = 0.7 A. Top: IR CN stretch bands
of 1in CCl, and its melt.

nm; Af = (feaic — fobg/fobs x 100% = —18%], followed by
ZINDO (AAmax = +11 nm andAf = +73%), and then by CIS
(Admax = —125 nm andAf = +130%). For the solution
spectrum ofl, the Amax cOmparison is less meaningful since
multiple conformers coexist in solution, each having different
Amax. Thef comparison is more meaningful becadstepends
less strongly on conformatiol. The f comparison gives the
same ranking of performance: TD-DFRAf{(= 0%), ZINDO
(Af = +54%) and CIS Af = +150%).

For the five crystal spectra in Figure 4, the averaggaxis
—19 nm for TD-DFT,—20 nm for ZINDO, and—179 nm for
CIS 33 Because ZINDO returnetivo visible transitions for the
molecules of Form R (419 nm with= 0.16 and 453 nm with
f = 0.03), the averagémax weighted byf was used in the
calculation of Almax The crystal environment should cause a
red-shift of the CT band of, similar to its red-shift in polar
solvents {7 nm for1 and+22 nm for ONA from cyclohexane
to methanol). Given the large dipole momentslah crystals
(6—8 D depending on conformatiéy the crystal red-shift is
expected to be significant. An estimate of the crystal red-shift
is +20 nm, the difference between thgax of the cyclohexane

Yu
Amax

Amin R(111)
= & OP(107)
-]
£
@©
~ ON(011)
173
o
<

Y(010)
/\ YN(polycrystalline)
300 460 560 660 7(50
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Figure 4. Visible absorption spectra recorded through Y(010), OP-
(101), ON(011), and R(111) and a polycrystalline sample of YN.

TABLE 3: Observed and Calculated Wavelengthsimax (nm)
and Oscillator Strengthsf of the Visible CT Transition in
ONA and the Conformers of 1

observed ZIND® TD-DFT? CIs
molecule  Amax f Amax f Amax f Amax f
ONA 377 0.1r 388 0.19 373 0.09 262 0.29
1C 390 O 13 e e e e e e
1(min)} 9 9 378 020 351 0.13 243 0.31
1-Y 415 ¢ 397 020 372 0.13 250 0.34
1-YN 415 9 404 0.20 374 0.13 250 0.35
1-ON 419 ¢ 415 0.20 420 0.14 263 0.44
1-0OP 448 9 414 0.19 428 0.15 263 043
1-ORP ¢ g 428 0.18 438 0.14 266 0.44
1-R 451 ¢ 419 0.16 458 0.14 269 042
453 0.03

a Configuration interaction of all molecular orbitafsBasis set=
6-3114-G(2D,P).c Cyclohexane solution (16M). 9 Calculated using
CIS/6-31G(D) optimized structur€Not calculated because multiple
conformers coexist in solutiohCalculated using HF/6-31G(D) opti-
mized structured Not measured.

solution (390 nm) and the melt (410 nm). With this offset
applied to calculated results, TD-DFT and ZINDO are seen to
perform comparably well, both significantly better than CIS.

The calculated ETDMs are shown in the molecular models
of the polymorphs in Figure 1 and referenced to individual
molecules as “bonds” starting from the phenyl carbon connecting
to the nitro group. The ETDMs predicted by different models
were parallel to the phenyl ring, as would be expected fora CT
transition within the ONAwz-system, but differed in their
orientations within the phenyl ring. The calculated ETDMs can
be comparedin two dimensionswith the observed Amax
directions through the crystal sections. The ideal comparison
requires that the ETDMs of the molecules in the unit cell project
through the crystal section in parallel or antiparallel alignment,
as in the cases of Y(010) and R(111) (Figure 1). By symmetry,
any Miller plane of the triclinic R and YN (R1Z = 2) meets
this requirement, since the two molecules in the unit cell are
inversion-related. However, only the (010) section of the
monoclinic Y, ON, and OPR2/n or P2;/c, Z = 4) meets this
requirement by symmetr.

For Y(010), the ETDM directions predicted by CIS and TD-
DFT approximately coincided and matched the observed Amax
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direction better than the ZINDO prediction. For R(111), the TD- turbations. In general cases where ETDM projections through
DFT result and the average of the two ZINDO results ap- a crystal section are not purely parallel or antiparallel, the crystal
proximately coincided and both matched the observed Amax effect must be revealed from the polarization ratios and the
direction better than the CIS result. The double electronic Amax/Amin directions when the absorption axes are not fixed
transition of Form R molecules predicted by ZINDO may be a by crystal symmetry. The treatment of these crystal effects will
computational anomaly because single transitions were predictedrequire the account of excitonic interactiofisyhich for 1 may

for all other conformers and by other models. arise from the moderately strong charge-transfer transition

The ETDMs projected through ON(011) deviate slightly from (dipole length 0.7 A) and the large molecular dipole moments
parallel or antiparallel alignment (Figure 1c), making ON(011) (6—8 D) in the crystalline state. Such an inquiry could be
less useful for this analysis. Nevertheless, an approximate initiated with the present data, but is more suitably postponed
comparison revealed that TD-DFT and CIS results agree betteruntil other data are available. For example, it is desirable to
with the Amax direction than ZINDO. The ETDMs projected acquire higher-resolution crystal spectra at lower temperatures
through OP(10)Ldefine two directions approximately 2rom and through other crystal sections (the present data consist of
each other, making it uninformative for the present analysis. Measurements through only one cross section of each poly-

The foregoing comparisons indicate that TD-DFT performed morph). Single-crystal specu_lar reflectipn spectroscopy may
the best for reproducing observed properties of the visible CT prove valuable when absorption saturation is significant. Gas-
transition of1 and ONA, followed by ZINDO and then by CIS. phase spectroscopy may be l.Jsed to defermlnej’ the ETDM vector
Given that a good performance of ZINDO is anticipated from of the fre‘? molecule, especially one frgzen n the ground
its special calibration on electronic spectra, the performance of conformational state by supersonic free-jet expansion or low-
TD-DFT should be considered remarkable. This success para"elstemperature matrix isolation.
the success of TD-DFT with rigid small molecufég8but was
demonstrated here with a more complex molecule of low
symmetry and conformational flexibility, and using not only The crystallization ofl isolates different conformers, both
Amax andf but also the EDTM as criteria. Similar fonax andf, stable and unstable in solution, into six polymorphs of known
the ETDM direction of a low-symmetry molecule is sensitive crystal structures. This study demonstrates that the color
to the quality of wave functions and computational theories. difference between the polymorphslof‘color polymorphism”)
Owing to conformational polymorphism, it is possible to is well explained by conformational differences, which change
“freeze” 1 in six different conformations in van der Waals the degree ofr-conjugation between the-nitroaniline chro-
crystals and excite electronic transitions without causing con- mophore and the thiophene ring. Observed wavelengths, oscil-
formational change (vertical transitions). Spectral properties thus lator strengths, and ETDM directions have been used to compare
measured are more meaningfully compared with computational three computational methods. TD-DFT gave the best reproduc-
results obtained under the assumption of vertical transition usingtion of observed spectral properties, outperforming CIS and even
ground-state geometries. These data would be difficult to obtain ZINDO. In light of the special calibration of ZINDO on
from gas- or solution-phase studies, wherein multiple conformers electronic spectra, the performance of TD-DFT should be
are probed simultaneously and conformational change is notconsidered remarkable and parallels its success for predicting
hindered upon electronic excitation. The superior performance electronic spectra of rigid small molecules.
of TD-DFT, coupled with the ever increasing speed of comput-
ers, promises general applications of TD-DFT for first-principle ~ Acknowledgment. The author thanks Prof. Craig J. Eckhardt
treatment of electronic transitions of complex molecules that for valuable discussions.
otherwise require semiempirical methods.
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