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Naphthalene dimer: Electronic states, excimers, and triplet decay
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Computations have been performed for the singlet and triplet electronic states of varying
orientations of naphthalene dimer. The dependence of exciton splitting upon orientation and
intermonomer distance was explored. Splittings of triplet states are seen to be nontrivial at typical
bonding distances, commensurate with the splittings of weakly allowed singlet states.
Charge-transfer interaction with the excimer states is seen to be most significant in face-to-face
orientations which can allow closer approach of the two monomers. Predictions of the prominent
features of the singlet—singlet and triplet—triplet absorption spectra agree well with experimental
findings. A spin-orbit channel-counting scheme is introduced to account for observed radiative and
nonradiative decay of th&; triplet state of the monomer, and then applied to the dimer. The
mechanism has been found for the observed more rapid phosphorescencg,dittte of the dimer

when placed in orientations lacking inversion symmetry. 2@00 American Institute of Physics.
[S0021-960600)00244-7

I. INTRODUCTION Previous theoretical studies of the excited states of two
naphthyl units do exist. Scholes and Ghigdimpoesented a
Intermolecular aromatic—aromatic interactions in the exthorough investigation of the energies of the lowest singlet
cited states, leading to formation of excimédimeric spe-  states of the eclipsed dimer, including the effects of inter-
cies that are stable only in the excited electronic $tate of  monomer separatioR, based on minimal-basis-set configu-
fundamental importance in many photochemical reactionseation interaction(CIS/STO-3G calculations. Sadygov and
Although much is known about the structure and emission jm?2 modified a standard semiempirical methtDO/S) to
spectrum of singlet excimers, there is still considerable uniyyestigate monomer-orientation dependence of $hend
certainty about the stability and structure of triplet excimers,s state energies, and ti®« S, spectrum of the eclipsed
and electronic transitions of excimers in general. An im-gimer, Gudipafl used unmodified INDO/S to compute
proved and detailed understanding of excimers would requirgjnglet—singlet excitation energies of various covalently
relating the electronic states and excitations of dimers t@onged V-shaped naphthalene dimers. Mukamel and
those of the individual chromophores. This particular prob-co_\orkeré used a specialized methddased on INDO/S
lem has relevance to photochemical properties of moleculgg, computeS, S, absorption spectra of covalently bonded
clusters, crystalline solids, polymers, and organized molecUs,y_to-end naphthalene dimers, relating them to computed
lar assemblies. Unfortunately, theoretical studies of the elecy,nomer transitions. These and other studies each had a
tronic states of excimer-forming systems have been very "mﬁmited focus, and do not go very far at all in addressing the

|t§d n SCOFE)e' W!tm th's rﬁ)aper, W? dhope tOf Imlorr(])\r’]elth'snature of the excited states, the size of the state splittings,
situation substantially in the case of dimers of naphthalene, \ v o generally related phenomena,

Relating the electronic states and excitations of dimers to In this study, we utilize and manipulate the existing

those of the monomer is primarily a problem of InterChro'INDO/S and CIS quantum chemistry methodologies to more

mophore interaction. To obtain quantitative energy esti- ompletely elucidate the electronic states and excimers of

mates, however, this relation requires a second step, nameiyee dimers of naphthalene. Several different orientations and

the consideration of several other effects due to the molecu- : . )
. . . separations of the monomers are studied, for the interests of
lar environment. In particular, for dimers that are covalently

linked, the linkages can cause chromophore twisting an(\j\{lde-rang|ng applicability to various covalently bonded
dimers as well as to the free dimer. The present study pro-

Feuci:enTr;ﬁé agsez\(/)er:Ida:t:FI)e(i:strc\)/r;r(;ilogsstltr;%]?;gp\éms;?w;nn% e;_vides three significant advances. The first is the set of quali-

r. : o .
: . ; . tative and semiquantitative potential energy curvesS I
paper will generally ignore this step in order to concentratel_1 and severalcl)ther Iow-lyiﬁg states of th?aydimers fo% sev-

on the more important and more general problem of inter- | entati Th dis th tati f
chromophore interaction, using unaltered free naphthalen%ra monomer orientations. The second IS Ine computation o
MONOMers. wave functions and energies of up to 60 states, their classi-

fication with respect to monomer states, and the associated
computation of transition moments and oscillator strengths
dpresent address: Department of Chemistry and Biochemistry, University ofor S-S andT-T spectra. The third is the discussion of ra-
Regina, Regina, Saskatchewan, S4S 0A2, Canada. . . .
diative and nonradiative decay of tAg state of the dimer,

YHolder of the Goodyear Chair in Chemistry at The University of Akron, - ) .
and corresponding author. Electronic Mail: elim@uakron.edu resulting from the use of a new channel-counting technique.
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Il. THEORY 1 1 v=2712(1-1") ——

— —_— u=2"12(1+1")
A. Excimer theory

Here we wish to summarize many results of excimer
theory which are relevant to this work. First we wish to make B, .
explicit connections between localizeand delocalizetex- h % h % b Eﬁ;ﬁ; 2
cimer theory. Leth and | denote the highest occupied
(HOMO) and lowest unoccupied UMO) molecular orbitals

A B
of monomerA, andh’ andl’ denote those of monomé. AB
Then the orbl_tals of the d|mer, at. long mtermonomer dis- Localized orbitals Delocalized orbitals
tances, are either equal combinationshofvith h’, or of |
with |I’, as shown in Fig. 1. FIG. 1. Molecular orbitals in the localized and delocalized excimer theories.

There are four dimer states which arise from the pairing
of a ground-state monomer and an excited-state monomer.
Chandra and Lim referred to these @sy, &, andp states. The energy expressions for these four states can be de-
These four states can be expressed in terms of localized oo 4 ysing delocalized theory and then converted to mono-
delocalized wave functions, depending on whether Weher orbital notation. The results for relative energies from

choose to perform the single electron excitation in the MONO, ground-stat&, are expressed below for both singlet and
mer orbitals or the dimer orbitals of Fig. 1. For the usual Casecriplet excitations:

of singlet excited states of eclipsed, sandwichlike dimers, the
relevantdelocalizedwave functions(in Slater-determinant E(*o) —Eg=AE—Jy+ 2Ky — 2K,/ ,
notation are

1N — _ '
[X2)=2" % (cora(h+h")(h+h")[(h=h")(1+1") ECY) = Bom BB Jn+ 2Kt 2K

+(1+1"(h=h")7), E(*6)—Eo=AE—Ju,
Ix2)=2"%3(core)(h+h’)(h+h")[(h—h")(I—1") E(*p)~Eo=AE—Jy,
+(1=1")(h=h")1), E(Co)—Eg=AE—Jy, @
D

[x3)=2"%4(corg)(h—h")(h—h")[(h+h")(1+1") E(y)—Eo=AE—Jy,

+(+1")(h+h")]), E(38)—Eq=AE—J/,
|xa)=2"%4(corg(h—h")(h—h")[(h+h")(1-1")

+(=1")(h+h")]),

E(Sp)_ EOZAE_\]h|V .

Here AE is the orbital energy differenceef+e,— ¢,
where (core) represents the orbitals of all but the last four —¢,)/2, and the two-electron integrals adg,=(hh|ll),
electrons, and the absence or presence of an underscore K, =(hl|hl), J,,,,=(hh|l'l"), andKé|,=(hI|h’I’). Hence,
dicates an alpha or beta electron, respectively. The relevagg jongR values, the four charge-transfer states should have
localizedwave functions are the same energy, and an excimer splitt{egciton splitting
|A*B)=2"1(coreh’h'[hl +1h]), exists between thés and!y §tates, but not between the
- - = and3y states. Thel,, and K, terms areR-dependent, re-
|AB*>=2‘1’2|(core)hh[h’£+I’h;]), sulting in a significant attractive potential for the CT states
A1 , , (2 and theR-dependent excimer splitting. The excimer splitting
|A"B*)=2""4(corghh[h’I +1h']), of 4K, ,, has also been approximateasM 5- Mg /R?, where
|A*B™)=2""9(coreh’h'[hl’+1"h]). M, andMg are the transition moment vectors of local exci-
- _ ~ tations on monomeA or B, respectively.
At long R values, the above eight wave functions exist in  For didactic purposes, we performed CIS calculations
dggenerate pairs, so that the true eigenfunctions are the eqyake Sec. 1)l of these eight states for tii,,-symmetry face-
mixtures below: to-face approach of two ethene molecules, with the results
|0>:271/2(X1+X4)=271/2(A*B—A* B), plotted in Fig. 2. In this case, computed values for the con-
stant termAE, Jy,;, andKy, are 15, 11, and 2.5 eV, respec-

|Y)=2"Y4xo+ x3)=2"YAA*B+A*B), tively, and the qualitative features are as predicted at IRrge
1 o aro (3)  values. AtR<5 A, however, orbital—orbital and state—state
|6)=2""(x2—x3)=2""(A"B"+A"B"), interactions affect results, most notably the coupling between

the p CT ando ER states. Scholes and Ghiggihin their
discussion of interchromophore interactions, referred to two
From this correspondence, we see thatdtend y states are  different interaction regions which they called short-range
ER (exciton-resonangestates while thef andp states are CT  (3—6 A) and intermediate-rangé—150 A, and showed that
(charge-transfer, or charge-resonans@tes. the basic excimer-theory results hold only in the

lpy=2""Ax1—x)=2"YAA"B*-A"B").
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Ethene dimer H61= F01<SO| HSOl T1>
'W o +ForS i sl (Cr)* (Sol 9/ 9Qu| Su)* (SalHsd T1)}
12 —‘—:G +For2 g rnf (Crid* (T4l 9/ 9Qil To)* (TalHsdl So)
e Y

(6)

10 \ ——15
8 : ——1p

E A\‘/ whereF g, is the Franck—Condon factdk,is a normal mode
6 —— 3G index, n is an electronic state index/JdQy is the derivative
.l Al é - . =3y with respect to nor_m_al monk, and_C;k and C,, are _
——35 Qk-depen_dent coefﬂments_ which also include the electronic
2 energy difference denominatofs(T,) —E(S,) and E(Sy)
0 : : : : | 2= 3p] —E(T,). We shall drop thé-, factor, as we did for Eq5).
° 2 4 8 8 10 A further approximation would be to neglect Henry and
RA) Siebrand’s mechanism #%rom Herzberg—Teller expan-

FIG. 2. A plot of the eight states of 8, dimer which arise frommr— 7* Slon)’ in which case the result is

excitation, as computed from CIS/6-31G. Only the(y) state pair show

noticeable splitting aR>5 A. Ho=(SolHsd T)

+3 oK sl Ci(Sol 9/ 9Qk| S)* (SHsd T1)/[E(T1) — E(S) 1}
intermediate-range. Our Fig. 2 demonstrates this as well.  + 2 tn{ Ci{T1|d/dQ| Tr)* (Tn[Hsdl So)/
Hence, excimer-theory results for the excimer splitiiAg [E(Sy)—E(T)1L, )

or MA-Mg/R®) should not be expected to hold in dimer-

bonding regions of alkenes or planar aromatic systems.  \yhereC, is a Q,-dependent term with no dependence upon
electronic energy. Note again thff;) has three compo-
nents, each of which has its own individual decay rate.

B. Sy« T, transition theory Both the radiative and nonradiative decay rates can thus

o _ . be expressed as proportional to the square of an expectation
RadiativeT; decay(phosphorescentés forbidden un- valueW,, , this value having the form

der the usual nonrelativistic Born—Oppenheimer approxima-

tion. The decay rate is proportional to the square of the tran- W= A HodT.) 4 Ho T
sition moment(So|M|T,). Expressions for the forbidden 01= Ao SolHsd To) + ZsAse( Sl Hsol To)

transition moment can be obtained using perturbation theory, + 210 AT(ThlHsd So) - (8)
where the perturbing Hamiltonian is the spin-orbit Hamil-
tonianHgg. The result is Equation(8) is written in terms ofspin-orbit channelsFor
some molecules, the excited-state sums are dominated by
(So|M[T1) one or two low-lying spin-orbit channels, and only a few
—[(ToIMIT1) — (SoIM[So) (Sl Hsd T /[ E(Se) — E(T4)] terms in the sum are needed for reasonat?le. results. Unfqrtu—
nately, one could very well ask whether this is the exception
+ 25 (SolM|Sy)(Sh|Hsd T)/[E(T1) —E(S) 1} or the rule. For many molecules with relatively loffig life-
3 (T MIT T o Hsd SoM[E(So) — E(To) T}, (5) times, such as naphthalene, there are no low-lying channels

that dominate, and the summations over excited states con-

where the first term is a dipole moment difference term, theverge very slowly. Even with molecules having lone pairs of
second term represents borrowing of intensity from singlet-electrons, which have significant low-lying channels, one
singlet transitions, and the third term represents borrowingannot always get away with considering only the lowest-
from triplet—triplet transitions. Note th&T,) has three com- lying S, or T, states. Langhoff and DavidsSrpr instance,
ponents, each of which has its own individual decay rate angerformed calculations for the phosphorescence ¢E€®l
polarization direction. many years ago, and obtained significant variation in life-

Nonradiative T, decay can be treated using time- times depending on whether they considered only 12 excited
dependent perturbation theory. Its so-called Golden Rulestates or 100 of them.
expresses this decay rate as proportional to the square of the We introduce here a simplehannel-counting scheme
expectation valueH (;=(Sy| Thuet Hsd T1), where T, is  which seems to work for naphthalene monomer, and which
the nuclear kinetic energy operator af| and|T,) are may have general applicability for molecules for which the
eigenfunctions of the full Hamiltoniaincluding T,,. and  above excited-state summations converge slowly. First, us-
Hso). Expressions foH, can be obtained using regular per- ing molecular orbital theory, we count all possible spin-orbit
turbation theory, where the perturbing Hamiltonian is onlychannels, via variouS,, and T, states other than Rydberg or
the spin-orbit Hamiltoniaid 5o, as in the radiative transition core-excitation stateddgg is a one-electron operator, and
case. Henry and Siebradhdpplied several simplifying ap- hence can only connect states that differ by one orbital oc-
proximations, and their result is cupation. In addition, it has only three spatial-symmetry

Downloaded 10 Jul 2004 to 142.150.190.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8984 J. Chem. Phys., Vol. 113, No. 20, 22 November 2000 A. L. L. Eastand E. C. Lim

TABLE I. Naphthalene monomer: compute8,(—S,) absorption spectrurh.

Staté Symmetry INDO/S CIS/6-31G CIS/6-31G CASPT2E
SO ALL) 1B,, S, 3.8(0.01) S,5.4(0.0001) S,5.3(0.003) 4.00.0004
SOOI L) = S, 4.3(0.22) S, 5.1(0.16) S, 5.0(0.16) 4.560.09
s (1By) 1B, S, 5.5(1.79) S, 7.4 (2.46) S5 6.9 (2.01) 5.541.34
st By, S, 6.1 (0.55) S5 7.7 (0.59) S157.4 (0.63) 5.98.31)
S(h_,—3s) = S,,7.4(0.01) 6.08.003
S(hy—3d,) By, S, 6.8 (0.06) 6.500.007
S(ho— 3d,) By, e “e S,,8.0(0.02) 6.670.002
S(ho— 3ds) By, e fe S,,7.7 (0.46) 6.86.018
s?2 By, S,37.7(0.66)  S,;10.2(0.83) S409.2(0.57) 7.160.85

@Table entries: state numb&,, vertical excitation energies in eV, aroh parenthesesoscillator strengttf
values. Transitions to thB,,,, °B,, andB,, states are polarized along the short, long, and out-of-plane axes,
respectively.

PUpper m—7* statesS! are characterized according to the orbital excitatisng— /; of the leading term in

the wavefunctior(see text for details with Platt notation in parentheses. Upper Rydberg states are labeled by
the explicit orbital excitation involved.

‘State symmetries, using the Mullikénot Pariser symmetry convention, i.e., the short and long axeszaned

y, respectively.

9From Rubioet al. (Ref. 15.

components for singlet-triplet couplin@®,y, By, Bsg for  co-workersi®* The state-averaging weights were given
D, systemgwhich will restrict the number of allowed spin- equally to only theS, and T, states, regardless of the states
orbit channels. selected for the spin-orbit coupling integral. For naphthalene
Second, we come up with estimates for the typical val-dimer, we used the largest active space we could, which was
ues of the spin-orbit-coupling magnitudes and #heoeffi- 8 electrons in 8 orbital§giving 4900 determinants fortu-
cients in Eq.(8), considering different values for different nately the results seemed quite consistent when smaller ac-
types of excited states. These come from eithbrinitio tive spaces4-in-6 and 8-in-6 were tested. Active spaces for
calculation or best guesses. Third, &, values are then the monomer calculations varied from 2-in-5 to 8-in-5, de-
computed for eacfi; component, and the results are squaredpending on the intermediate state involved. The active spaces
and averaged to mimid; decay rates. This procedure is for the other systems in Sec. IVF were: 4-in-6 for ethene

demonstrated in Sec. IV E for naphthalene monomer. dimer, and 8-in-6 for the covalently bound dinaphthyl com-
pounds.
IIl. COMPUTATIONAL METHODS The size of the system necessitated the use of a limited

basis set, particularly for the CASSCF calculations, and we
nerally chose the 6-31G 4@t12 basis functions for naph-

thalene dimex'® The monomer geometries were held fixed

(Rec=1.406 A, Repy=1.08 A) throughout the study.

The calculations were performed withAussiAN9g®
Electronic state wave functions and energies were comput
with two methods: the intermediate neglect of differential
overlap method for spectroscopfNDO/S)*! (called ZINDO
in GAUssIAN9g and regular configuration interacti¢@1S).*?
Both methods consider only single excitations from the ref4y. RESULTS AND DISCUSSION
erence configuration. The active spaces for the CIS excitaA Revi ‘ S S and TeT ¢
tions encompassed all orbitals except the core ones, while for’ EVIEW OT MONOMET  ope= o0 aNd fye— 14 Spectra
INDO/S we activated 10 occupies and 10 virtuals for naph-  The best summary of the singlet—singl&,{S;) and
thalene monomer and 20-and-20 for the dimer. triplet—triplet (T,<T,) electronic spectra of naphthalene

The INDO/S method is not parametrized for bichro- appears in the 1994 paper of Rulgibal.® who reproduced
mophore interactions, and produced a catastrophic failure fahe observed spectra with line positions of 0.5 eV accuracy
R<about 3.6 or 3.7 A, at which all potential curves becomeusing ab initio methods(CASPT2 for energies and CASSI
extremely and unphysically attractive in every orientation.for transition momenjs Very good results for th&- S spec-
Hence, for the generation of excited st&&ersusk curves  trum were also obtained by Bat al., using SOPPA, another
for a wide range oR values, INDO/S is inappropriate, and ab initio method!® Briefly, the experimenta$-S spectra ex-
we had to resort to aab initio method which could handle a hibit strong and broad electronic transitions at wavelengths
20-carbon system, namely CIS. For the spectral tables, wherear 220, 205, and 165 nm, respectively, with the 205 nm
we were more concerned with state ordering and intensitypand appearing as a shoulder of the more substantial 220 nm
rather than transition energy, we used INDO/S at 3.6 A oband. The lowest-lyingS; and S, states, denotedL, and

above. 1L, in Platt’s notation, weakly absorb near 310 and 275 nm,
For a gauge of dynamical correlation in Sec. IV B below, respectively. The experimentat T spectra show a few weak
we used Mgller—Plesset perturbation the@pP2).:3 bands but only one of medium intensity, near 400 nm, al-

For spin-orbit coupling calculations, we used the statethough we predict another to exist in the 200—250 nm range.
averaged determinant-based complete-active-space self- Table | compares the monom&fS spectrum results of
consistent field (CASSCH technique of Gordon and some simpler methoddNDO/S, CIS/6-31G, CIS/6-31G)
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TABLE Il. Naphthalene monomer: computed —T;) absorption spectrurh.

LabeP Symmetry INDO/S CIS/6-31G CIS/6-31G CASPT2HE
TOO By [1.4 aboveS,] [2.2 aboveS,] [2.3 aboveS,] [3.04 aboveS,]
ToL*e 3B,y T3 1.7 (0.000) T, 2.1 (0.000) T4 2.0 (0.000) 0.800.000
TO2¢ ®Ba, T,1.1(0.001) T,1.6(10°%) T,1.7(10% 1.14 (10°5)
TO3* A T52.3(0.007) T¢3.2(0.001) Te3.1(0.001) 2.180.001)
TO2- ®Ba, T,,4.3(0.395) T105.7 (0.543) T,,5.5(0.319) 2.610.097
T2~ A, T,,4.4(0.014) Ty 5.4 (0.036) T,95.2 (0.035) 2.73 (10°)
T2* Ay Tg3.6(0.017) T¢ 5.2 (0.007) T144.7 (0.004) 2.81(0.001)
TSt By T,3.5(0.001) T,5.1(0.012) T,54.9 (0.073) 3.140.009)
T03- A, T»35.7 (0.343) T,78.1(0.587) T466.4 (0.018) “e

@Table entries: state numb@t,, vertical excitation energies in eV, arfoh parenthesesoscillator strengttf
values. Transitions to th@g , 3B3g and3BZg states are polarized along the short, long, and out-of-plane axes,
respectively.

PUpper m—7* statesT' are characterized according to the orbital excitationg— /; of the leading term in

the wavefunctionsee text for details

‘State symmetries, using the Mullikénot Pariser symmetry convention, i.e., the short and long axesaned

y, respectively.

dFrom Rubioet al. (Ref. 15.

®The forbiddenT®" state is included here for reference purposes only.

against the CASPT2 results of Rubéb all® Table Il does have a well-defined orientation at all, since recent MP2 cal-
the same for thd-T spectrum. The state labe® (or T') culations placed four conformations within 1.3 kcal/mol of
refer to the orbital excitationA_;— /) which principally ~ each other in energy and the best computations of the
characterizes the excited state in molecular orbital theory; themore-often-studied benzene dimer now imply a fluxional
five 7 and fives orbitals are labele@n increasing order of  system with several low-frequency mod@s?*In addition to
enerqy 4 4, 4 3, 4 o, 41, %9, Lo, F1, £o, £3, 4.  the orientation problem, the dependence of state splittings
A superscripted sign indicates that the state is a roughlypon intermonomer distande varies considerably with the
equal mixture of the{_;— /) and (#_;— /) excitations, nature of the monomer-state, and there is a long-standing
combined with the specified phase. TBg and T, state- need to determine such dependencies and provide qualitative
counting labels, particularly those of the CIS/643%& col- and semiquantitative energy curve diagrams for common
umns (which account for Rydberg states as wellill give chromophore dimers. We hence undertook an examination of
the reader a rough idea of the number of nonabsorbing ahe energies of dozens of singlet and triplet states of the
weakly absorbing states omitted from these tabulationsdimer of naphthalene, as functions of intermonomer distance
Note, however, that the INDO/S and CIS methods will notR, for several different monomer orientations.

account for the(generally invisiblg¢ states arising from We chose to study five particular orientations: eclipsed
double or greater excitations. (D), 10°-conrotated (parallel-displaced, C,y,), 45°-

In Table I, the INDO/S results are seen to be in fortu-disrotated (L-shaped,C,,), T-shaped C,,), and crossed
itously good agreement with the more reliable CASPT2 re{D,q). The T- and L-shaped orientations are so-called be-
sults, demonstrating 0.3 eV agreement for the pertinent statesuse the short axes of their monomers form a “T” or right
below 7 eV. The CIS results are poorer, overestimating thengle, respectively. These orientations appear in Fig. 3. The
excitation energies and inverting the order of the first tworesults of the conrotated dimer were very similar to those of
excited states. The oscillator strengths, listed in parenthesethe eclipsed, however, and are not considered any further.
are in rough accord across the table, with the INDO/S and The electronic state energies were initially computed
CIS intensities being somewhat too large as uslial. Table  with CIS/6-31G, but required several corrections in order to
II, the INDO/S energies are shown to be less accurate for tharrive at qualitative and semiquantitative results. First, CIS
T-T spectrum, although not as bad as the CIS energies. Tha#oes not account for dynamical electron correlation, and
agreement amongst oscillator strength computations here fence resulted in almost all states being repulsive. Second,
still qualitative, but not as quantitative as in t8eS spec- CIS gives poor energy orderings for the monomer states,

N 7

These tables will serve as reference guides for the dimer

state studies below.

B. Diagrams of Evs. R for various dimer orientations . . T
The preferred orientation of the naphthalene monomers !

in the free dimer is known definitively only for the singlet ' ' ' : E;

excimer states, in which the monomers are in an eclipsedgg Eg

sandwichlike conformatiolf For the triplet state, an
L-shaped orientation has been hypothesiZed, although
this remains unverified. The ground-state dimer may not

Eclipsed (D,,) Conrotated (C,,) Disrotated (C,,)  T-shaped (C,,) Crossed (D,,)

FIG. 3. Five hypothetical orientations of the naphthalene dimer.
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which results in poor orderings for the dimer states. Third, Naphthalene dimer, L-shaped
significant couplings between exciton-resonance and corre-
sponding charge-transfer states were underestimated due to o000
the poor CIS monomer energies, resulting in occasional no-
ticeable errors in excitation energies.

55000

For the first problem, all curves were corrected with a 50000 -
— C/R® orientation-dependent correlation correcti®rrhis aso00 _
orientation-dependent C/R® correction was derived from ; —® ground
ground-state MP2/6-31G energies computed at two values of 40000 | = 1000
R, and applied equally to each state, using the crude assump- 35000 | b | 2100
tion that the state-dependence of the dispersive attraction of ~ T x | ¥ 1001+
the two monomers will be negligible on the scale of our g > \ \ —— 101+
plots. 5:' 25000 | —® 1001~

For the second problem, ait- and y-state curves were 20000 \ e 1y01-
given constant shifts so that their respective dissociation as- \ —+— 3000
ymptotes matched the more accurate CASPT2 monomer 15000 | —*—3y00 |
energies? In addition, thes®-state angp°’-state CT curves 10000 ¥
were given a constant shift so that their dissociation limit \
matched the experimental ionization energy of the monomer so00 \
(65690 cm 1),?° since these states correlate to the cation and 'R
autoionized anion (GHg +CiHg+€7). sop2 3 4 5 6 7 8

For the third problem, we used a more intricate proce- R(A)

dure to correct the coupling between ER and CT states. We

performed this correction only fosr®-p% interactions(for ~ FIG. 5. L-shaped naphthalene dimer. Energiesm ) of the ground state,
all four orientationg and y°°- 6% mteracuons(for all except  and thes andy products of the monomét., 'Ly, 'L, and'B, states, as
the eclipsed orientation these being the only ones which functions of intermonomer separation.

significantly affected the states of interest. The correction

incorporates the asymptote shifts of the preceding paragraph

and involved the following steps: (2) The interaction matrix element, a function of the orbitals

but not the energy gap, was derived from the data.

(1) The two decoupleddiabatig states were derived from (3) The two decoupled states were given constant shifts to
the data, using the observed ClI coefficients. give correct dissociation asymptotes.

(4) The two states were recoupled using the interaction ma-
trix element of step-2.

Naphthalene dimer, eclipsed The effects of the decoupling and recoupling in stépsand

(4) were divided equally among the two states. For the
60000

\ T-shaped dimer, stefd) was more complicated because each
55000 molecular orbital showed a partial preference for one mono-
52000 X\‘ mer or the other, qnd hencg its fprmula for the fraction of t.he
’\\\%%\g diabatic CT state in the adiabatic lower-state wave function
45000 \\ S [ ground | involved the LCAO-MO coefficients as well as the Cl ones.
40000 f/—_——‘( e 1500 We also considered corrections for two other possible

weaknesses: the small 6-31G basis set and basis set superpo-
sition error(BSSH. We investigated possible improvements

B e

_ —>— 1001+ . )

T 30000 ’— 1901+ on MP2/6-31G energies using the larger 6-311&G() ba-
3 25000 | —— 1501 sis set and the counterpoise correcfibmespectively, and
w

\3;#‘" —e— 1401 although both effects were on the order of 500—1700 cat
> —a— 13500 ground-state geometries, they in fact cancelled each other to
2 —a— 3700 within 500 cm %, A similar observation was made by Jaffe
\ o and Smith for benzene dimé& Hence, we made no further
10000 \ corrections to the data.
5000 Figures 4 through 7 show the results for the ground state
ol 1Y | and theo andy combinations of théL,, L, L., and'B,
2 states of naphthalene. These figures are, to our knowledge,
5000 the first qualitatively accurate plots of thRdependence of
R (A) these states in any orientation. We will mention three pos-
FIG. 4. Eclipsed naphthalene dimer. Enerdiascm™?) of the ground state, sible th?qretlcal Weaknes§es in these curves. _One is that the
and thes andy products of the monomét.,, 'L, , 'L, and'B, states, as  CIS Splittings may be a bit too large, as seen in our calcula-
functions of intermonomer separation. tions on 1,3-diphenylproparfé Another is that the expected

20000

15000
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Naphthalene dimer, T-shaped Naphthalene dimer, crossed
60000 60000
55000 45566
50000 5060
45000
—8— ground 45000 +—§ E—
40000 —t— 16500 40000 w— —a— 1600
—a— 1700
35000 - A 1700
—~ —3— 1601+ 35000 "\%::::'; 1101+
< 30000 = 3
S T e B
e —e— -
o 25000 A ¢ < 25000 | —e— 1001~
—e—1y01- w N ey
20000 —a— 3500 20000 3200
15000 3100 15000 —a—3y00
10000 —
5000 1 5000 \
N "\
] Y o e
-5000 i 3 4 6 7 8 — i! 3 4 5 6 7 8
R (A)

R (A)

FIG. 6. T-shaped naphthalene dimer. Energiesm™ 1) of the ground state,
and theo andy products of the monomét_,, L, , 'L, , and'B, states, as
functions of intermonomer separation.

FIG. 7. Crossed naphthalene dimer. Energiesm %) of the ground state,
and theo and y products of the monomét_,, L, , !L,, and'B, states, as
functions of intermonomer separation.

accuracy of the predicted binding energies is only about

2000 cm%, which prevents our use of these figures alone t®"€ Of tlheogeason(she_ other being the excitation resonance
make conclusions on the preferred orientations of variouf0" the "o state being the lowest singlet excited state of

states. A third weakness is that the calculations, based dfj€S€ two orientations, despite the fact that its pahit

ground-state orbitals, do not allow for the differences in spaState is only the second-lowest excited state in the monomer.

tial extent that is known to exist between the electron densilt 1S @lso the reason for the surprisingly boun%hVéglgs i)g the
ties of a triplet state and its corresponding open-shell singldfiPlet states of these two orientations, and for the™-"y

i i 01+ 1,01+ ;
state. With the caveats stated, we now proceed to discus®!itting being as large as that 6601 -y - The CTin-
these figures. teraction effect is weak for the T-shaped orientation, despite

ForR>5 A (6 A for the T- and L-shaped orientations the existence of an additional feature: in this orientation the

; : : 00
CT state interaction and orbital overlap effects are minimalMonNemers are inequivalent, which forces #¥andp® CT

and the observed splittings are excimeric in nature. For thétatelS to mix and creates a CT state which lies lower than
usual.

eclipsed dimer, a large excimer splitting is seen for the
bright, long-axis-polarizedB, (S°**) state, a smaller split- We suspect that the truk, states are not as well bound
as they appear in the eclipsed and crossed orientations, with

ting for the short-axis-polarizedL, (S°°) state, and very , ClIPS /
little splitting for the long-axis-polarizedL, (S°") state. the problem lying possibly in the use of ground-state orbit-

For the crossed dimer, excimer splittings disappear becaudds: OF the use of a common MP2 correction. If this binding
the monomer transition momentd, and My are perpen- S indeed too enhanced, then the triplet excimer may exist in
dicular, and hence the dot product in tkie,- Mg /RS rule is several different orientations, or even be rather fluxional in

zero. The excimer splitting of thi_, state was expected to Nature. _ o _
disappear for the T- and L-shaped orientations also, since the _These calcul_ated figures offer predictions for all kinds of
short axes of the monomers are perpendicular in these casg¥Cimer properties, from preferreR values to expected
also, but an excimer splitting is seen for the L-shaped orienavelengths of absorption, fluorescence, and phosphores-
tation. This we attribute to rotation ® , andMg due to the ~ C€NCE-

presence of the other monomer in an asymmetrical position.

The triplet 0 and y*° states show no excimer splitting in
any orientation.

In bonding regions, however, CT interaction and other  For modeling of the absorption or fluorescence excita-
effects are significant, and in some cases arel¢agling tion spectrum of naphthalene dimer, we used the INDO/S
contributors to state stability. CT interaction is the strongestnethod for intensity reliability. Table 11l shows our INDO/S
for the eclipsed and crossed orientations, which can afford gesults for several singlet states of the dimer, at the eclipsed
very close approach of the two monomers. CT interaction igsandwich and 20°-disrotate@V-shaped orientations, at in-

C. Analysis of dimer S,—S, spectra
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TABLE Ill. Naphthalene dimer: computedS{« S,) absorption spectrurh.

Monomer Dimer Eclipsed dimeR=3.8 A V-shaped dimerR=4.4 A
State M vector M vector
S, E(eV) f label S, E(eV) f (a.u) S, E(ev) f (a.u)

S(*) 38 001 o S 376 - s, 381 -
y» S, 384 001 03x S, 384 00l 03%
&, Sy 545 065 22 S, 558 171 35%
p1 Si3 5.62 Sis 5.75
406 008 0.88

S,(S%) 427 022 o, S; 399 .- S;
v» 'S4 428 033 17g S, 429 032 17%
5, Ss 473 0.02 046 S 485 001 0.2%
P2 S 490 .- Ss 5.00 0.00 0.16
S; 540 - o3 S 5.28 Sg 531 -
vys Sy  5.38 Sy 539 001 0.2%
Su(S) 548 179 o, S, 495 - S, 516 -
va Sz 588 212 38& S 579 179 35X
5, S 563 077 23& S; 589 002 03%
Pa 519 5.92 Sls 5.94
Ss 551 - o5 S, 541 000 0.0y So 547 000 0.0y
¥s S, 547 .- S Sy 550 0.00 0.0z
Ss 5.82 o Sis 5.78 Sis 5.78
¥ Si7 578 000 00% S 579 001 02%

S,(SY 6.07 055 o, S 575 @ - S 597 013  0.9%
vy S» 607 085 232 S, 614 090 244
57 S 659 016 098 S 672 001 0.2
p7 Sy 671 - Sy 6.74 0.00 0.0,
S,5(S%) 773 0.66 0, Ss; 746 - S 751 013  0.83
Yas Ses 771 131  2.64 S, 773 077 20z

2All results, includingS, numbering, are from INDO/S calculations. The oscillator strefiggtor the transition
from the ground §,) state. Transition moment directions are given by axis, wixasethe long axis of each
monomer ang is the intermonomer axis.

termonomer distances thought to be plausible forShstate Hence, the most substantial changes to the naphthalene
based on Figs. 4 and 5. The V-shaped orientation data ai®,< S, absorption spectrum upon dimerization should be the
included here for the later discussion of dimer phosphoresvarying blue shifts ofS, to y,, with two charge-transfer
cence, and also provide a demonstration of the effect of onbands appearing between 5.5 and 6 eV.
particular orientation displacement. The dimer states are la-
beled according to the notation of Sec. Il A; for each mono-
mer stateS, there corresponds the four states, v,, o,,
and p,, with the latter two denoting the states of predomi-  Table IV shows our INDO/S results for several triplet
nantly charge-transfer character. The table is arranged istates of the dimer, again at the eclipsed and 20°-disrotated
such a way as to see how the intensity in the dimer spectrurarientations, at slightly smaller intermonomer distances than
arises from the intensity in the monomer spectrum. Note thathose used in Table Ill. While our Fig. 4 suggests thatTthe
the S, labels are numbered according to INDO/S orderingstate prefers even smaller valuesRyfwe are reluctant to use
and will not exactly correspond to the true state ordering. INDO/S for such valuegsee Sec. Il This table is arranged
For S,—S; monomer transitions which are long-axis- similarly to that of Table Ill, but with energieB and oscil-
polarized §;,S,,...) orshort-axis polarized%,,S;,...), the lator strengthd corresponding tdr .« T, transitions. Note
dimer S, S, transitions to ther andp states are forbidden that the absolute transition energies poor predictions in
for eclipsed or conrotatedparallel-displaced geometries. this case because of INDO/S inaccuracy for triplet state en-
This means that in the dimer orientations thought to prevaiergies, as we demonstrated for the monomer in Table II.
for singlet excimers or the ground staf®,— S, transitions However, theo-y and &p splittings should be unaffected by
are very weak For disrotatedV-shaped dimers, the same these absolute errors.
situation occurs for the long-axis-polarized transitions, but  For T,<—T; monomer transitions which are long-axis-
for the short-axis-polarized ones the four correspondingolarized {T,,Tq4,...) or short-axis polarizedTs,Tg,...),
states will all provide allowed transitions. the dimerT,« T, transitions to they and § states are for-
Normally the excimer splittingbetweeno and y state$  bidden for eclipsed or conrotated geometries. This is oppo-
is far smaller than the gap between the excimer and chargsite to the rule foiS,— S, transitions, caused by the fact that
transfer states. However, for ti& monomer state, INDO/S the lower state of transition here is alreadyrastate. For
gives an excimer splitting of roughly 1 eV, placing the disrotated dimers, the four states corresponding to each
strongly allowedy, state in the vicinity of the5, state, lend-  short-axis-polarized transition are all allowed, just as for the
ing intensity to it as well as to thé,; state. S,— S spectrum.

D. Analysis of dimer T,«—T; and S,«<S; spectra
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TABLE IV. Naphthalene dimer: computed{«T,) absorption spectrurh®

Monomer Dimer Eclipsed dimeR=3.6 A V-shaped dimerR=4.2 A
State M vector M vector
S, E(eV) f label T, E(eV) f (a.u) T, E(eV) f (a.u)
T,(T%) 000 - o T, 0.0 T, 0.0

yy T, 009 000 01¢ T, 007 000 0.09
8 Tz 321 010 114 T3 329 041 114
pr T 331 - .- T 341 000 0.2@
T,(T%?*) 115 000 o, Ty 115 000 02& T, 115 000 0.2%

v» T, 1238 - e T, 120
To(TOM) 169 .- o3 Ts 159 .- Ts 1.64 000 0.0k
Y3 Te 1.71 Te 1.68
83 Tos 4.05 Tos 4.23
ps T 417 - T,, 427 000 0.1k
T, 215 .- o, T, 206 T, 214 000 0.0

ys Tg 218 000 003 T 217 0.00 0.04
Tg(TO3) 228 001 o5 Ty 222 001 03% T, 222 001 036
vs Ty 230 .- e Tie 228 000 0.0%
Tg(T*?) 363 002 o5 T, 360 003 06 T;; 367 003 059

ys Tig 370 - o T,s 372 000 003
T(T) 429 040 o, T, 398 039 20& T, 402 039 2.0
Y11 Tor 4.22 Toa 4.19
To(T%) 574 034 o0, T 535 030 1.5Q, Ts3s 5.58 0.26 1.37,
¥os Tes 559 .- ve Tee 571 001 0.3

aAll results, includingT,, numbering, are from INDO/S calculations. The oscillator strefiggtor the transition
from the lowest triplet T;) state. Transition moment directions are given by axis, wikésethe long axis of
each monomer angis the intermonomer axis.

PEnergies listed are relative B(T;) in each case. Computed valuesEdfT;) — E(S,) in each case are: 1.43 eV
(monomey, 1.41 eV(eclipsed dimer, 1.45 eV (V-shaped dimer

Note the appearance of the charge-transfer bapnd Hence, the most substantial changes to the naphthalene
—oy; (36932099, polarized along the intermonomer axis. T-T absorption spectrum upon dimerization should be a red
This band has intensity because the upper and lower stategift of the T% «—T% band (due to splitting ofT%?" into
are both of mixed exciton resonance/charge resonance chaw®~ and 3y%?") and the appearance of thg*—35%°
acter. The intensity of this band is extremely sensitive tocharge-transfer band at lower energy.
intermonomer distance, which we demonstrate in Fig. 8. For We also computed the eclipsed dim@r—'o® spec-
this figure, we recomputed th&-T spectrum of eclipsed trum atR=3.6 and 3.8 A, although we do not tabulate the
dimer at three other values Bf and plotted the results using results. This spectrum differs from tig,« T, spectrum of
Gaussian line shapes. The intensity of the CT band doubleSig. 8 in two major ways:(i) the two major bandss®
for a mere 0.2 A reduction iR. The other band appearing in —o¢% and 0% —¢% are at longer wavelengths, since
the plotted range is the;,;—o; ((0%? —3¢%%) band. E(S1)>E(T,), and (i) the T-T 3¢°?" 3% band is split

into two. Another significant difference is that the bright
1690159 and normally dark!y®—1¢% transitions are

Triplet-triplet absorption, calculated nearly equal in energy @&=23 A, which allows a route to

0.5 populating the dissociativey® state via infrared absorption
e——R=3.4 of the 1¢°° excimer.
0.4 1 | e R=3.6
< n ——R=3.8
‘c:?» 0.3 - : R=4.0 E. Analysis of monomer Sy« T, transitions
% Before we addresS,« T, transitions of model naphtha-
é’ 0.2 lene dimers, we wish to review and comment on e
T, transitions of naphthalene monomer.
0.1 For the phosphorescence of naphthalene, experimental
results were quantitatively reproduced by Knutgyrén, and
0 Minaev?® who used linear response theory to compute a ra-
350 400 450 500 550 600 650 700 diative lifetime of about 1 min, with decay rate ratios of
wavelength (nm) Ky :Ky :k,=140:1:0indicating overwhelmingly out-of-plane

polarization. To investigate which spin-orbit channels are ac-
FIG. 8. The predicted < T, absorption spectrum of eclipsed naphthalene

dimer, computed at four values Bf Results are from INDO/S calculations, tive in Fhls proce_ss, we cpmputed spin-orbit coupling Int.e-
with the poor transition energy predictions reduced by 2.4(edfore con-  9rals with twerl“y 'r!te_rmed!ate states, and found no term big-
version to wavelengthto mimic reality. ger than 7 cm-. This is unlike the formaldehyde case where
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TABLE V. NaphthaleneTl; phosphorescence: intermediate state table.

Intermediate # of
type Symmetry  channels  (Hgo), cmt (E), eV (M),Pau. (A, auleV

T(mr—7*) °Bay 6 0.4 7 0.4 0.0571
T(o—7*) ®Byy, 25 3 12 0.1 0.0083

®Byg 23 3 12 0 0
T(m—0*) °Byyg 25 3 12 0.1 0.0083

®Byg 23 3 12 0 0
T(o—0*) ®Bag 92 3 20 0.03 0.0015
S(mr— 7*) By, 4 0.4 7 0.4 0.1000
S(o—7*) 1B, 5 3 12 0.1 0.0111

A, 4 3 12 0 0
S(mr— o) 1Bg, 5 3 12 0.1 0.0111

A, 4 3 12 0 0
S(7rar— w* w*) 1B,y 10 0.4 8 0 0
S(om—7* 7*) = 46 3 18 0 0

A, 40 3 18 0 0
S(mm— 7" o*) 1B, 46 3 18 0 0

A, 40 3 18 0 0
S(om— 7% 0*) 1B,y 184 3 23 0 0

®These data are used for evaluation of B}, where(A) is (M)/[{E)—E(T,)] for intermediate singlet states,
and(M)/(E) for intermediate triplet states. The choices for the expectation values are based on exploratory
calculations; see text for details.

bThe x andy polarization directions correspond to the out-of-plane and long axes, respectively.

there were terms on the order of 50 ¢hY but similar to the  mental estimates of Sixl and Schwoet®mnd the 140:1:0
ethene case where the two largest terms are roughly 20 amdtios of the linear response calculatién.
10 cmi 12° Hence, in the expression for the radiative transi- ~ For nonradiative transitions, we can employ a similar
tion dipole momen{Eq. (5)], the summations display rather procedure. We have already counted the spin-orbit channels.
slow convergence, and many spin-orbit channels will conAllowed (Sy|d/dQ,|S,) couplings to validS, spin-orbit
tribute. However, we can use a channel-counting schemehannels requir€, (normal mod¢ symmetries oB3,, A,
(Sec. 11 B to account for the observed polarization direction.or B,,,. Allowed (T,|d/dQ|T1) couplings to validT,, spin-
Since the symmetrie@n our axis conventionfor theS,  orbit channels require the same thr@g symmetries. To
and T, states areA; and By,, and since the spatial- determine the A values of E(8), one also needs to consider
symmetry components ¢iso have symmetnB, 4, B,y, or  intermediate state energies, number of normal mode sub-
B3y, the direct spin-orbit channéBy|Hsd T,) is forbidden.  channels of each symmetry, and magnitudes of the
For the intermediary channels, the allowed singlet intermeQ,-dependent term<, and (J/9dQy). The Q,-dependent
diate states fo{S,|HsdT1) areA,, B,,, andBg,, and the quantities are difficult to estimate in a general way, and
allowed triplet intermediate states f08,|Hgd T,,) are Big, somewhat too far removed from the crude purposes of the
Bog, andBgy. Our 20 computed examples of these termspresent study. In addition, the approximations inherent in
suggests that coupling strength comes in just two classes fdqgs. (6) and (7) may be somewhat crude as well. We will
this molecule: a weak coupling t8—¢*, o—7* and7r—o* settle for presenting a set of choices which reproduces ex-
states(range 0.2—6.6 cimt), and a very weak coupling to perimental rate ratios, and leave the verification of the cho-
m—7* states(range 0.3—1.4 cimt). The channel counts and sen “best guess” values for future research. We use(By.
typical coupling values appear in Table V. set allCy equal to a constant, and use the data presented in
For radiative transitions, the allowed singlet states forTable VI. From this data, we obtaM/ﬁ:Wf,:Wﬁ ratios of
(Sp|M|S,) transitions areB,,, By, andBy, (for x,y, andz ~ 1:14:11 for the thred; components, which mimics the ex-
polarization, respectively and the allowed triplet states are perimental ratios of 1:12:%
Bag. Bag. andAy for (T,|M|T,) transitions. Comparing this
with the allowed spin-orbit channels, we see connection
only for x-polarized phosphorescen@®8;, singlets andB,,
triplet9 and y-polarized phosphorescen€B,,, singlets and We now wish to apply this channel-counting scheme for
Bsg triplets. We next want the A coefficients in E(B), and  triplet-state decay for various orientations of naphthalene
the crucial quantities are the transition moments and energietimer, in hopes of shedding some light on possible orienta-
to the intermediate states. These quantities can vary tremetion dependence of the decay rates. Before we applied the
dously, and therefore “best guesses” as to a crude averagehannel-counting scheme, however, we needed some calcu-
value are required. Our choices, based on INDO/S and Rubilations to learn more about spin-orbit coupling in dimers.
et al,'® also appear in Table V. Using the data of Table V for ~ To understand the dimer orientation effects upon spin-
each polarization direction, we obtaW§:W§:W§ ratios of  orbit coupling, we computed theSy|Hsd T1) coupling inte-
5:1:0, which qualitatively agree with the old 10:1:1 experi- gral for various orientations an® values of the simpler

'?:. Analysis of dimer Sy« T, transitions
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TABLE VI. NaphthaleneT; nonradiative decay: intermediate state tdble.

Intermediate # of (Hso), (E), (919Qy),
type Symmetry channels cm! eV N(Qy) At (A), A Yev

T(7m—7*) ®Bag 6 0.4 7 8 1 1.143
T(o—7*) ®Byg 25 3 12 4 1 0.333

®Byg 23 3 12 4 1 0.333
T(m—o*) ®Byg 25 3 12 4 1 0.333

*Byg 23 3 12 4 1 0.333
T(o—0*) ®Bag 92 3 20 8 0.1 0.040
S(7— %) 1B,, 4 0.4 7 8 1 2.000
S(o—7*) 1Bg, 5 3 12 4 1 0.444

A, 4 3 12 4 1 0.444
S(7m—0o*) 1By, 5 3 12 4 1 0.444

A, 4 3 12 4 0 0.444
S(mm—7* ) 1B,y 10 0.4 8 8 0 0
S(om— 7* 7*) B3, 46 3 18 4 0 0

A, 40 3 18 4 0 0
S(mm—7* o*) 1Bg, 46 3 18 4 0 0

A, 40 3 18 4 0 0
S(om—7* *) 1B,, 184 3 23 8 0 0

*These data are used for evaluation of ), where(A) is C, N(Q,){d/dQ\)/[{E)—E(T,)] for intermediate
singlet states, an@, N(Qy)(d/9Q,)/(E) for intermediate triplet states. The choices for the expectation values
are based on exploratory calculations; see text for details.

(C,H,), system. It was difficult to detect any orientation V-shaped R=4.4) orientations{Hso=0.3cni' ! in both
dependence of this coupling, because of the strong exponedases We also computed this integral for realistic structures
tial decay of the coupling with increasirig but the orienta-  of two covalently bound naphthalene dimers. The Agosta
tion dependence did seem rather small when comparing valtimer® is a 55°-disrotated form wittR=4.7 A, for which
ues at realistic values dt. (Hso=1.0cm'l. The DBB dimer, syn{4.4][1,5-

We turned to the naphthalene dimer, and began to commaphthalenophan®, is an eclipsed dimer with two butyl
pute spin-orbit couplings of th&, state to several interme- bridges connecting the 1 and 5 positions, Witk 3.0 A be-
diate 7—7* S, states. We soon made the following impor- tween the 1 and 5 positions afd=3.4 A between the 4 and
tant discovery: there aneo valid spin-orbit channelsvhich 8 positions, for which(Hgg=1.0cni ! as well. These val-
contribute toT, radiative decay in the eclipsed and conro-yes are sufficiently small that we expect radiative and non-
tated orientations. The reason for this is inversion symmetryradiative decay in these systems to be dominated by cumu-
In naphthalene dimers that possess a center of inversion, thgtive contributions from intermediate states.

S, and T, states are of gerade symmetry. Since the spatial  Next we applied the channel-counting scheme Tar
parts of theH 5o operator are also gerade, only gerade interradiative and nonradiative decay, for several orientations of
mediate states can be allowed spin-orbit channels. Howeveraphthalene dimeD,,, eclipsed,C,, disrotatedC,;, conro-
gerade intermediates cannot contribute Ttp phosphores-  tated, C,,, puckered(where the monomers have been bent

cence because the axial components of the transition dipolgioser at the 1 and 5 positions, to mimic the DBB dimer
operatorM are of ungerade symmetry, which causes their

Sy— S, or T,— T, transitions to be forbidden. Therefore, ra-
diative decay of thel'; state of naphthalene dimer must be TABLE VII. V-shaped dimer: computed spin-orbit couplings, and other
significantly more rapid in orientations which do not possesglata relevant for radiativé, decay.

inversion symmetry, such as the disrotated arghaped ori-

. E
entations. ' . _ ' _ (SplHedTo),2 7E((?1)),b M(S,—Sp),¢  Ad
Understanding this, we computed Spll’l-OI’bI} cou?hngs of s, Symmetry cm? eV a.u. a.u/eV

the T, state to six intermediate— 7* state , “01,
o LI 18,), but for onl thin 20°-diss(r(2/'[2tetﬂ\}- ) B 0-42 08 0-35 04

20 "Y2: Yar "04), Yy . o5 (tey 1B, 0.0 2.6 3.5% 1.4
shapedl dimer at R=4.4A. The values, which appear in ory(ta®) B,  Obysymmetry 1.1 0.8, 08
Table VII, are all less than 0.5 ¢y these small values are 1y,(:y%) A, 0.0 1.3 1.75 1.3
understandable since they are all zero when the dimer is not«(»"") '8, -01z 2.8 3.56x 13
disrotated. Table VII also lists data garnered from Tables 11l (") 'As ~01z 29 0.37x 01

and IV pertinent to phOSphorescenEEq- (8)]. Note that 33pin-orbit couplings are from CASS@#in-8)/6-31G calculations,R
these A values are larger than those in Table V, partly be-=4.4 A, 20° disrotation.
cause INDO/S has overestimated th&S transition b(IjEnergies obtained from Table llI, subtracting 3 eV for the energy of the
7 imer T, state.
momentsl' . . . . “Transition moments are from Table IlI; directions are given by axis, where
We also calculated the d”_eCt S_pln-OIjbIt couplingTgfto x is the long axis of each monomer apds the intermonomer axis.
So, {Sp|Hsd T1), for the free dimer in eclipsed®=3.8) and  %The A parameter is for Eq@8); see footnote a of Table V.
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"Idealized” relative triplet decay rates of of monomer results to free dimer results is only the first step

naphthalene dimers in modeling the results of covalently bonded dimers, which
also contain ring puckering and other effects. However, this
first step is the most important step in understanding the

T-shaped 3B1
T_—shased 3A1 Nonradiative spectroscopy and the photophysics of naphthalene dimers,
Soroaed i either free ones or covalently bonded ones, and these results
puckered ; already provide important predictions that can be compared
eeipasd | with the experimental results. Among these are:
T-shaped 3B1 ‘ o (1) The triplet excimers of naphthalene are predicted to
Lk Ay be more stable than the van der Waals ground state, but only
gzgrkc:ra;zd in a face-'Fo-face monomer arrangemept, in which their bind-
eclipsed , ing energies can be enhanced by CT interactidec. IV B).
—Z . - - 7 (2) Whereas the singlet excimer is stabilized by exciton
0 02 04 06 08 1 resonance as well as CT interaction, the triplet excimer is
relative decay rate stabilized mostly by CT interaction. As such, the binding is

significantly smaller for the triplet excimép° as compared
FIG. 9. “Idealized” T, state decay rates, relative to the fastest rate in eachyq the singlet excimeto® (Sec. IVB.

of the two cases. Results are from our application of a spin-orbit-channel- . . . .
counting scheme: see text. PP P (3) Unlike the singlet excimer, which clearly prefers an

eclipsed(sandwich-pairgeometry due to stabilization by ex-
citon resonance as well as charge resonance, the triplet exci-
above, andC,, T-shaped. For the T-shaped case we appliegner may adopt other conformations as w&kc. IV B.
the scheme for both thtB; and®A, states because they are  (4) For the triplet excimer of eclipsed geometry, the
both candidates for the actudl, state(see Fig. 5 The 343y splitting is nontrivial, commensurate with the splitting
channel-counting and E¢B) evaluations were performed on of the weakly absorbindL, state(Sec. IV B.
computer with rOUghly 500 lines of FORTRAN code. Unfor- (5) 81(10'00)'80 transitions are forbidden for edipsed
tunately, values fo(Hsg), (E), (M), and(d/dQy) are dif-  dimers, and therefor§, states should have relatively long
ficult to assess for high-lying states of these dimers, angifetimes with respect to fluorescen¢gec. IV O.
hence we have kept them fixed at their monomer values. (6) |n T, T, absorption, the most noteworthy spectro-
Admittedly, this is a poor approximation. However, this scopic consequence of intermolecular excimeric interactions
choice has the benefit of placing the effect of orientation, the dimer is a red shift of the monomer absorption bands
solely in the number of spin-orbit channels and the numbepn the appearance of an interchromophore CT band at lower
N(Qy) of corresponding allowed normal modes. Our “ide- gnergy(Sec. IV D).
alized” results, therefore, will be more reflective of the num- (7) The interchromophoreé—a CT absorption, whose
ber of contributing channels for each orientation, rather thaftensity strongly increases with decreasing separation, is a
the actual relative rates. _ very useful probe of the interchromophore interaction in the
The end result of these calculations akevalues[Eq.  gycited state leading to excimer formatie®ec. IV D).
(8)] for each of the three triplet components, which we (8) In an eclipsed dimer, the higher energy exciton com-
square to obtain component decay rates, and then averagedgnent of each dimeric state, i.e., thestate, is repulsive
obtain the high-temperatufig, decay rate. The results appear sec. v B). Photodecomposition or fragmentation of the

in Fig. 9, expressed as decay rates relative to those of th§,pe excimer can therefore occur via these repulsive excited

other orientations, for both the radiative and non-radiativeStates particularly if one lies near an absorbing stae.
cases. FofT; radiative decay, we see the res(dtated ear- |/p ’

lier) that there is no allowed phosphorescence from dimers

having a center of inversion symmetry. As fof nonradia- o yripjet excimers with inversion symmetry. THa andS,
tive decay, theD,y, form decays more slowly than the other gyaiaq are hoth of gerade symmetry for dimers with a center

forms due to much fewer allowed spin-orbit channels, while symmetry, which makes the phosphorescence doubly for-

amongst the lower-symmetry forms there is only a 25%iy4en ie spatially as well as spinwiégec. IV B
variation in the predicted idealized decay rate, as based N pociits 14 have direct relevance to the duestions of

ava|lable_: spln-prblt channels. Note,_ however, that f_or_smalgtability and preferred geometry of naphthalene triplet exci-
conrotations, disrotations, or puckerings, the nonradiative de- er. Since theT, state of the dimer is stabilized by Qi
cay rates of these three forms mL_JSt be near the eCIiloseEddition to London dispersion forgesthe eclipsed and
Fj'”f'er rate, so that the ‘?ffe_c_t of their _ex_tra allowed ChanneI%rossed orientations may be preferred over other orientations
IS !mportant only for significant deviations from thy for the triplet excimer because they allow closer proximity
eclipsed form. for the two monomers. However, there is considerable un-
certainty in the computed binding energy of tiig state.
Indeed, the 1970 experiments by Chandross and Denifister,
The various computational results of Sec. 1V, other thanwhich produced face-to-face dimers with monomerlike trip-
Figs. 4—7, are largely qualitative in accuracy because of théet states, suggest that there may not be significant enhance-
approximations involved. In addition to this, the comparisonment of theT, binding energy in the eclipsed conformation.

(9) The radiative transition probabilities are very small

V. COMPARISON WITH EXPERIMENT
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Result 5 likely explains the excimer emission lifetimesto provide plots correlating electronic state energies of the
of Yanagidateet al.*> who noted longerS,; radiative life-  dimers, at various monomer orientations and valueR, dbr
times in eclipsed[4.4]naphthalenophanes than in tilted the first time. We have also correlated the electronic excita-
[2.4]naphthalenophanes. tions of the dimeric species to those of the monomers. These

Result 6 is confirmed by experimental triplet-triplet ab- results should be valuable resources for understanding ex-
sorption spectra of covalently bonded dintérs® which  perimental results of the past, present, and future.
compare very well with our smalle®-prediction of Fig. 8. Many results are relevant to triplet excimers. Unlike the
The T, T, absorption spectrum of the naphthalene mono=singlet excimer, which is bound by both exciton resonance
mer at about 420 nm shifts to the red upon dimerization, anénd CT resonance, triplet excimers should be bound only by
a new longer-wavelength absorption at about 600 nm ap€T resonance. As a result, they are predicted to be less stable
pears in the dimer spectra. The assignment of the 600 nithan their singlet excimer counterparts, and more prone to
absorption to the interchromophofé—3o CT transition adopting other orientations, rather like the ground state
was first made by Ishikawet al,** and is supported by the dimer. Eclipsed or crossed orientations are expected to be
fact that the corresponding singlet-singlét— o transition  preferred, however, since these afford a closer approach for
occurs at lower energy~700 nm),>"*8since this is consis- stronger CT benefits. The exciton splitting of the and®y
tent with the near degeneracy of the CT singlet and triplestates is nontrivial at bonding distances, commensurate with
states(*é and 36), and the higher energy of thlr state the weak exciton splitting of th&.,, state.
relative to3c. The difference in the transition energies is The appearance of an additional CT band jr—T, and
consistent with théo-30 electronic energy gap. S, S, spectra is predicted here, and the actual state assign-

Result 7 is supported by the observation that covalentlyment is made here for several experimental spectra of co-
bonded dimers of naphthalene exhibiting excimer phosphovalently bonded naphthalene dimers. The assignment of the
rescence all display th&d—30 CT absorption in the 500— 35%°—3¢% CT band verifies that interchromophore interac-
650 nm region, independent of the relative orientation of theion is quite likely in theT; (3¢9 state. Thé 6%°—1¢°° CT
two naphthalene® The intermoiety CT absorption band has band is shown to provide a route to the dissociatiy® state
also been observed in the covalently bonded dimers ofia IR absorption of the singlet excimer, because A&
pyrené* and biphenyf® and 1y states are so close in energy at singlet excimer

Result 8 explains the experimental results of Saigusageometries.

Sun, and Lint"*® who observed photodissociation of the A state-counting scheme has been presented fora-
singlet excimer at near-infrared wavelengths. The brigh?  diative and nonradiative decay, which seems to account for
state of predominately CT character is the likely upper statf’; radiative-decay polarization results aig nonradiative-

of the absorption, which then interconverts to the dissociadecay triplet-sublevel results of naphthalene monomer. We
tive 19%0 state, although it may just lend intensity to the applied this scheme t®; decay of the dimers, and found a
normally dark!y%° state and allow it to be accessed directly. strong orientation dependence on radiative decay, but not for
The assignment of a CT state as the infrared-absorbing statenradiative decay. In particular, phosphorescence is for-
was made by Katolet al*® for singlet excimer of naphtha- bidden for naphthalene dimers with a center of inversion,
lene and other aromatic hydrocarbons, based on the approxsuch as eclipsed, conrotated, and symmetrically-puckered
mate correlation between the transition energy and the difdimers.

ference between the estimated energy of the CT state and the
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