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: The fiucrescence phonon sxdebands ai‘ C ;gHg and 1 4,5 S-C;QD;H.; guests mCmHg a:e stad:ed and mmpared S
- at 2 K. The mild differences are attributed to the increased delocalizatior. of the C{pDsHs !By electronic state. -
" The'reltive unportzmce of the dmgonal (Franck—(fondon) versus off-diagonal (Herzberg—~Telier) elactron—phanon" _
© . coupling terms is discussed. We also d&msnstmte that the dispersion force coupling (and not the resonance foree ..
5 coupling) dominates the 1By, (ind 3B 112} C1oHy in CyoDs phonon. sideband structure, and is respans?ole for 1ts ‘
C mtensxty distsfbution fand the dmerence therein bewzeen ﬂucrescence ard phosphoxescence)

' ‘Ina prewous paper [1} we .,hcwed that in the. Ixmt cf ﬁxspersxon force couphng {2} the transmcvn moment
““for'the one phonon transition in an Lsotopw nuxed crystal can be wmten as (eq (AM} in- the appendxx of ’

’ ef: [ o
F@l;OSq gs ISQ) p‘ (131r05"q_)g’OSq}{D&q(plnp:l)}Q‘Sq}

+ D <p,ospg,osq>{ast,ca pl)fcs *wsq Ep‘n S A 1(1),‘_' |
P*PJ ' . R P C

. ‘where p (pl OS 7 = g, OS n) is the transxtxon momen* fOr the zero phoncn emxssxon f‘rom the guesi bound state
"pyandp {p Osq =g, 05,4 ) is the transition momeént for the zero phonon emission from the host states (ekcnon '

- band) ‘which are labeued b) the mdex DFDp. g, q is the frequency of the phonon of wave vector 4 and pelanza '
. ‘uon S I’he D§ q(p ’Pi) wuh p pl or p, are the exczton—phonon couphng functmns detmed as ' '

:",‘ng@ :PI) E(ZMqu)“"zLSq(” oz) exp(tq }G,?moc,x( )Gﬂgl,r?cz(Ep’) -
X[-ng( )/dE‘ ]"U*[LdG’(E’)/dE‘ j"-fﬂ': el ey
' In eq. (Z)M is the mass coeffi czent [1} for the crysta AN the posmon vector for site n. The lsolated gue:.t s

~supposed to be at site 00:1 The GM ey ( ) and GO(E‘ ) axe pure uost crystal Green s functxons deﬁned as: '

,éna.oal( ) N—l Z}{AQIJAQJ/[a E(k)}}exp[xk (arm,1 ,W}, 'j“'“ : (3)

and S
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.Go( )= GOG,OQ,( oo T @

_Here k; and j are the wave vector and branch mdex respectlvely, for the host exciton band. Furthermore, the
functron Lg q(n @) gwes the lattice relaxatron [1, 2] of the molecular state f at site na and is given-as:

LS q(n a) = LE {(aDncz_,(n-(-Dﬁ /aRunc)O TN (S q)+ (aDna (n+1)/3/aRu(n+[)5)0 77 (S Q) BXD(MI [)1 (S)

where Df is the’ static solvent .hlft n4(S,q) the phonon polanzatron vector and Rmm the instantaneous displace-
ment at site na and along coordinate . The sums £, 8 run over the near neighbors of the molecule at site na. It
can be seen from eq. (1) that the excnon—phonon coupling (phonon sideband) for the guest electronic transition -
should be sensitive to the mixing between the electronic states of the guest and the host. Two types of mixing ef-
fects arise when the guest electronic state approaches a relatively wide host exciton band: (A4) Due to the increas-
ing guest—host electronic states mixing, the guest (p;) is delocalized over the host sites (na # 0y ) and, there- -
fore, the diagonal coupling function Df (p1.py) given by eq. (2) is not only determined by the fattice relaxation
qu(Oal) at the guest site but also by the lattice relaxations at the hiost sites (nx ¥ Oc; ). These lattice relaxations
qu(na) are, of course, welghted by the excitation amplitudes [given by terms involving the Green’s functions in
eq. (2)] of state p; at sites na..(B) The off-diagonal terms D§ ¢(Py,p) with p #p; in eq. (1) are a Herzberg—
Teller type of interaction induced by phonons. As can be seen from (1), they become important when the guest
state p; approaches the host exciton band (states labelled by p # p; in the isotopic mixed crystal). These terms
‘lead to intensity borrowing for the phonon transitions from the host exciton band. Furthermore, it should be ap-
parent from egs. (1), (2) and (3) that both these effects, {A) and (B), depend on the detailed nature of the host
exciton band structure. Another point to be noted from eq. (1) is that the off-diagonal (Herzberg—TeHer) cou-
-pling term which borrows mtensrty from the host exciton band [host trarnsition moment, p9(p, 05,07 6& OS q)]
would contribute to a difference in the polarization of the guest zero-phonon band [transrtxon mament

no(p;, 05,7 >&, 05 q)] and the one-phonon sideband.

. Going from the above discussed shallow trap case to the deep trap limit (p1 completely lacalized at the guest
ste Ocyy ), the diagonal coupling term (A), Dg ,(p1.21), only becomes modified while the off-diagonal term (B)
becomes vanisitingly small.- As stated earlier, the resonance force exciton—phonon coupling term (H}{, see appen-
dix), derived from the variation of the excitation exchange M with the molecular displacement R, , has been
assumed to be small. However, if such terms are considered, the theoretical description is completely analogaus,
except that both the diagonal and the off-diagonal coupling derived from the resonance force term have additional
k (exciton wave vector) dependence. Thus, if the resonance force coupling terms are important, the phonon side-
band will be highly dependent on the excitor band structure (see appendix). In any case, 2n energy denominator
study of the emission phonon =1debands of mixed crystals with isotopic impurities of varying trap-depths would
not only give the delocalization effect, but may also enable one to extract, from polarization studies, information
‘on the importance of the off-diagonal dispersion force coupling terms (B), relative to the diagonal ones (A), and
possibly also on the relative importance of the dispersion force coupling and the resonance force coupling.

Based on the above delocalization considerations, it was suggested [1] that the difference between the phonon
sidebands in fluorescence and phosphorescence of the isotopic mixed naphthalene (naphthaleneg in naphthalene-
dg) crystals could be attributed; at least partially, to the difference in the extent of guest mixing [bothk types (A)

.and (B) above] with the correspondmg host exciton band which for the singlet is much more important than for
the triplet [3]. '

 We present here an expenmental study that was directed to 1nvest1gate the above co—uecture Essentrally it is
an energy dencminator study [4] of te phonon sideband in the fluorescence from isotopic mixed naphthalene’
crystals containing isotopic impurities of varying trap-depth doped into the naphthalene-dg host. Actually, it was
found necessary to choose only two  guests which would represent respectively, the most easily accessible smallest
and Ia.rgest trap-depr.hs that form unpunty bound states These two guests were naphthalene-f'zg (trap-depth =

291



Volume:29, number2. - - CHE\ucAL PHYSICS LETTERS _‘ SRS 15 Nmmber 1974

: 1 IS ¢m 1) and napnthalene—czd4 (trap-depth —78 cm‘l) [3 } In. gomg from naphthalene-hg in naphthalene-dg ‘

to-naphthalene-ad, in naphthaleriedg the trap-depth is reduced by about 1/3 but the distance. of the guest tran-
.- sition from the host exciton band (the lowest k = 0 level) is reditced more dramatically [3] by about 2/3. The
:.,;expenmental values [3] fm' the’ guest state deioeahzatxon are C 17 % 0 01 for naphtﬁalene-hs, and 042 + 0 04

for naphthalene:ad,.

‘ ‘Experiments were performed on mxxed crystais grown by the’ Bndgmarl method These crystals contamed ‘

- 0.25% (hg) o1 0. 35% (d4) of the guest The excitation source wasa 1600 W Hanovia xenon lamp. The’ spectra : j .
- were taken photoelectncally on aJarrell-Ash model 25-100,1 mefer double Czerny—Turner spectrograph—- L
""spectrometer “The detection system consisted of an ITT- F401 photomultlpher cooled below —10°C. The signal .

" from the photomultlpher was fed into an SSR instrument mod’l 1120 dlSCr}.mmatOr/aanhﬁEI which was conneted
" to an SSR instrument model 1110 dlgltal synchronous computzr. The output of the [atter was interfaced with a .
Kennedy 9- track magnetlc tape, The cahbrated spectra from the magnetxc tapu were processed by an IBM- 360/67

© computer [3,5]: _

. The expenmemal result is shown in ﬁg 1 whxch contams thl, phonon sxdebands bullt on n the ﬂuorescence on-
‘- gms of nanhthalene—hg (spectrum B), and naphthalene-cd, (spectrum A).. S '

The dotted curve below each spectrum shows the spectrum with the- zero-phonon transxtmn on scale, 50 that
the strength of the phonon sideband can be compared with tha: of the zero -phonon transition. Unfortunately,

due to the Rashba effect [6] the transnmn of czd4 xs strong, and 1ts zero phonon transxtzon is subject to more .

'Fx,, 1 Companson of ﬂucrescence phonon s:debzmds of
-1 4,5 B- D4C10H4 and Clng in C,¢Dg at 2-K. BOth of these
v, specha were recorded with a resolution of 2 cm™ Uphoto- ...
L elect.t'ml]y SpectruriA is the fluorescence of a0.35 mole %
© 1,4,5.8-D4CyHq in CyoDs. while spectrum Bis that of a. Lo
"+ 0.14.1m0le % CmHs inCygDsg’ crystal. The dxspersxon is about ..
:*. . 10°cwY per division; The dashied spectra are at feduced in- "
" tensity, to show the 0~0 peaks (31572 and 31541 cm“‘, s
;»;:espedwely) R L
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reabsorptlon than that belongmg to kg This creates a problem in judging whether the phonon srdeband of o:d4 is
weaker (as might be expected from the delocalization effect [2]), compared to that of g, when measured with
-respect to their cotresponding zero-phoron transitions. -

Comparmg these phonon srdebands, we find that the only rmportant drfferenee is the reversal in the intensity -
pattern of the peaks at'47 cm~! and 58 cm™!; otherwise, the two.are similar. We also conducted a polarization
study of the phonon sideband to explore the relatrve contributions of the dlagonar and off-diagonal couplings. -

As the phonon sideband is weak we have not been able to get a noise free spectrum to draw any definitive con-
clusions. However, we would like to mention that a comparatrve study of the phonon sideband in the unpolarized
spectrum and in the [|b polarized spectrurn of ad4 in dg.revealed no relatrve polarizations, so it appears that the
zero-phonon transition and the one-phonon sideband have similar polarization properties. This suggests that the
off-diagonal Herzberg—Teller terms are, perhaps, not so important. We also note that the relative intensities of the
47 and 58 cm™! peaks seem to be polarization independent. .

‘Though a quantrtatrve correlation with the theory [1] is not possible at thrs stage it can still be seen that in
the case of naphthalene, the mixing with the host exciton band seems to have a mild effect on the phonon side-
band. This is important in considering the drastic intensity differences between the phonon sidebands of fluores-
cence and phosphorescence in isotopic mixed naphthalene [1] (in the region above 60 cm™!). This difference
seems not to involve, primarily, a mixing with the corresponding host exciton band. Perhaps, it is due to the dif-
ferent orbital nature of these excited states, which gives rise to different magnitudes of lattice relaxation, involv-
ing mainly librational coordinates. This also points out that the resonance force coupling which would lead to a
higher & dependence on mixing (see appendix), is not important for this naphtha.lene system.’

In conclusion, we would like to say that though in these isotopic mixed naphthalene crystals the mixing of -
guest electronic states (first'excited singlet) with the host exciton band has only a mild effect on the phonon _
sideband, it definitely is a parameter that influences the exciton—phonon coupling in these systems. Similar ex-
periments are needed on crystals with dtf’erent exciton bands so that the general nature of such effects can be

-understood®.

Appendix

In this appendix we shall treat the resonance force excitorr—phonon'interactionsHM‘Wh_ich are derived from
the variation of the excitation exchange, M,,; 5 with the molecular drsplacement Ryne- 'I'he treatment follows
-very closely the description presented in the appendrx of ref. [1] HM is grven as

Hy = L2 (2MNeg )™ E (o, a,<n+m/aRu'm.')gna(s,q)'
ne Sq : o

+ (aﬂ na, (n-r[)g/aRu(n+[)p)0 7?[3 (S q) exp(lq l)} e“P(lq )[bSq +bS —q] anu:a(ni-[}ﬁ ] . : CPI)

The terms and subscnpts have been deﬁned earlrer in thrs paper (and also in'the appendrx of ref. [1]). [t should
‘be noted that this expression for H,r is-analogous to expression (A9) of fef. (1] for the excrton—phonon coupling
derived from the derrvatlve of the D- shrft term’ wrth respect to Ru,m Let us deﬁne t£ 4 [(Q) as

tSq I(a) E {(aMna (n‘[)ﬁ/aRuna)O 77 (S’ Q) + (a]”na (n+I)5/aRu(n+{)3)o 77 (S-_Q) e,KP(IQ'l).]' - o . | ®2)

A very recent study [7] an benzene ¢ Bzu) may. mdrmte a’similar weak depemience of the phonon srdeb:md on the energy
. denominator, as well ason deloc:a_l.rzatron in general, as lone as'the selection rules are not a_ffectea (Le comparmg neat cry:.tal
. vﬂ:romc phonon rrdcbancls with the uotoprc mrxed c:ystal electron phonen srdebands) : .
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;Insuchacase " ST

‘HM- SE‘,E% (ZMN"JS‘?) i ’Sq f(g)e"P(‘“ '”)[DSQ+bS—q]anaa(n+Dﬁ o ®

-It has been assumed tbat the qu l(g) are mdependent of the srt= mdex n. If relatlons (AS) of ref r1] are used
eq. (P3) assumes the followmg forrn : ‘ ST _ _ _

'Comparmg this w1th equatron (Al 1) of ref [1] we can see thal the couphno functronMSq(p p ) is analogous to
. the couplmg functron Dg q(p ). Thrs couplmo functronng(p o} ) is gwen as. :

Ay AL AB,A

ey f ey f

-MSq(P P) EE N—‘ 22 ('-21"{"-’.5‘(;)_”2 Tqu(B) {E,—E®)} {E, _Ei,(k;,é)} e*P.(fiq7xd—.al)‘

-'x[—-dGQ(Ep)/'dEp]-?42'[—dGq(Ep.)/dEP.]*1’2 L RS @)
Arso ' ' ' T - s s ‘ P '

It can be seen that TSq k(ﬁ), whrch s‘wuld be analogous to LSq (a) (eq (AIO) of ref: [l]), is dependent on T.he :
‘wave vector k. This dependency is derived from the off-diagona: nature of HM(R) in the exciton site creation and
-annihilation operators Thus the exciton—phonon coupling function M (p p") should be more dependent on the:
detzu]s of the exciton band structure (& structure) than the couplmg functron Dsq(p /) )

‘References

{1} R. Kopélman, F.W. Ochs and P.N. Prasad, J..Chem. Phys. 57 (1972) 5409.
121 R.M Hochstrasser and P.N. Prasad, J. Chem.Phys. 56 (1972) 2814.

[3] F.W. 'Ochs, P.N. Prasad and R. Kopelman to be published.

[4] DM. Hanson; R. Kopelman and G.W. Rebinson, J. Chem. Phys 51 (1969) 212
IS]F. W, Ochs, Ph. D. Thesis, The University of Michigan (1974). _

[6] E.L ‘Rashba; Soviet Phys Solid State 4 (1963) 2417. -

:[7] S.D Colson T.L. Netzel and J.M:'van Pruysen prrvate commumcatron




