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Abstract

The photophysical properties of 4-cyano-4’-] butyloxyb:phenyl(mB)mdﬂutedsoluuomatroomtempermmrepoﬂsdl From
this study it is clear that 4COB forms an I(ntramolecular) C(harge) T(ransfer) state. Furthermore, the infiuence of the temperature
on the formation of the ICT state of 4COB in 1-butanol and diethylether is investigated to study the role of the solvent dynamics on
the stabilization of the ICT state. Finally the importance of hydrogen bonded clusters in the stabilization-of the ICT.stata.of 4COB
has been examined in 1-butanol/butyronitrile mixtures. . .

thedetqﬂsofthnphwommhmappeaxed.l's Sdmm”ﬂummdwmudemm
swkudhﬁedmnonatkesﬁomamuadmmhcnlnmmﬂmcnm Smee,nmomothuqompmdswue
found to exhibit the same photophysical characteristics. ™14
The photophysical properties of 4-cyano-4" alkyl-and4’alkyloxybnphenylwereﬁrstmmmedbyDawdet al15 They observed a
red shift of the emission by increasing the solvent polarity. This red shift was assigned to an orientation relaxation process of the
solvent cage in the electric field of the excited molecule. Mataga and coworkers %17 found a similar behaviour for SCOB and they
attributed the shift to the formation of an intramolecular charge-transfer state which is stabilized in polar solvents. In order to
obtain a better understanding of the processes involved in the excited state of 4COB, more detailed experiments were performed in
solvents with different polarity.
Furthermore the influence of the solvation dynamics in the stabilization of the ICT state of 4COB have been studied. The ICT
formation of 4COB in 1-butanol and in dicthylether was studied in the temperaturc region of 77K to 293K by means of time
resolved and steady state fluorescence experiments. In a final step the role of hydrogen bonded clusters in the stabilization of the
intramolecular charge transfer state of 4COB was investigated in 1-butanol/butyronitrile mixtures. The time resolved data are
correlated with the data obtained from the infrared O-H stretch of the corresponding mixtures.
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2. Experimental.

4COB (4-cyano-4'-butyloxybiphenyl) was obtained from BDH. It was shown to be free from impuritics by HPL.C.. The solvents
(hexane, isooctane, dicthylether, dibutylether, tetrabydrofuran, methanol, 1-butanol, ethylacetate, butylacetate and scetonitrile)
used are spectroscopic grade UVASOL and obtained from MERCK. Al the samples (conc. < 10°%M) were studied in 1-cm
quartz cells, and degassed by repeated froeze-pump-thaw cycles.

Infrared absorption spectra were recorded on a PERKIN-ELMER 882 infrared spectrophotometer. The absorption spectra were
recorded on a SLM AMINCO DW-2000 U.V. spectrophotometer. The fluorescence spectra were taken on a SPEX fluorolog with
excitation ncar the maximum of the long wavelength absorption band. The data were transmitted to an Olivetti M28 for data
manipulation by a program, developed in the laborstory, using the Asyst 2.0 language and plotted on a HP7475A. Time resolved
mvmmmmmwwmm«ww-mmmmmwmlm
as excitation sourcet8®D, | ‘ _ o

A global iterative rewelghted recunvolntion program based oa the noalinear loast squares algorithm of Marquarde'® was used to
estimate the unknown paramoters o and 1;. The eatire, decay profles, including the rising odgo wore analyzed. Fluorescsnco docay
mumwmmmmmwmmwkmmm
reference decay time parameters (fluoresceace response function of the detection systeni about 80-ps) wero linked.

£, = § u.jl exp(-t/ :] )
fz - ? ajz exp(-t/ 'rj ) .
£, = § qj3 exp(-t/ -rj ) (eq.1) '

£yt )

3. Results and discussion.
3.1 Photophysical properties of 4COB in neat solvents.
Steady state fluorescence

mMomWotmnmm:mmmumwmmwmummmmmg
bmyhcaae.temhydxofnm,aeetonmne,bntyroniﬁﬂe.meﬂnndmﬂl-hmd. “The' absorption spectrum of 4COB in hexane
" (Bgre 1) éxtibits two absorption bunds, the frst cie at 2922 nm and a sectnd ‘oue &t'220 i, “The i of the loog-
wavelengthabsorpnonbandshiftstothetedwnhmmamgu&ventpolnhy Theabsorpnmmmmshifuﬁommznmm
hmne toZW4nmm1-bntanol (tablel)
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Fluorescence measurements were carried out by excitation into the long wavelength absorption band (290 nm). The fluorescence
,WmnfﬂOOBmsoluuonmonglydependsonthewlvemwmty FigweZshcmtheﬂnmmspewaof-iOOBm

whlwﬁnb@huacmpamdmthaknsmvibrmﬂﬁmsmm '

her ethyhcewe,l-bntanolnndwetomtrile. lnmblelthemmonmdlbmpummammhermhtho
qummmy‘ekkofﬂuoreocenee-relisted. Uponmumgﬂwpdnmythespem—ummdugouaba&ochmahhmdthshﬁ

" THbEY: Emission mxiinn O\, ), sheorption mazimn (1, ) and quastum yields of fluorescence for 4COB in solation,

RN

~

Hexane 2922 nm 323 0m 0.76
338 om

e 352 nm :

" Dibutylether 294.0 nm 339 om 073
Ethylacctate .. - 204.1 nm - 357 om 083
1-Butanol 2974 om 367 nm " 086
Acetonitrile 2052 nm 375nm 0.79
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Figure 2: Flnorescence spectra of 400B in (—) hexanc, (~ ~) dietlicther, (... ethylacstate, (—~) 1-butanol and (~—-)
acctonitrile (R.T.).

mwmmmmmmmmmummancmm”mw
mmmm),manmmmmmmmmsmm Howevuﬂlenbmofﬁnc
memmmsmﬁmBmmmmmdMMMmmmmw
planarity of the emissive state. Thcmoumdvibromcsuuamemanonpohrwhemmevenbcusedmmomtmthemhnmn
tuwardsaplanarenusmvcconformauonnsshownbySwmtkowshetal.zzforthemseofbxphenylmdterpheuyl. The allowedness
of tho emission (high ®g Table I and short lifetime, Table ) also points to the planarity of the emission. state. In more polar
sonvemmuvnmuomlmmmmmfmwosduetomlvemmmnsmbmmglsanddesmmmm
Condon ground state. This also holds for bridged model compounds of cyanobiphengis=,

Qmﬁtaﬁveounehﬁonofthespect:dshiﬁofthoﬂuormnccwiththepolarityofthesolventhasbeenpmpoaedinsevenl
theoretical treatments?# . They relate the 0-0 transition in absorption and emission (v, anduf)tothedipolemomzntofthemund
anduutedsmep.gandu.e,thedlelectncconme thereﬁ'amvemdexnofthesolvennndthemvnyndnup in Onsager’s theory
of reaction field. ﬂe&pohmomemofmeexamdstatemmmbemlmmedftheodmphyuulpnmmmhm
(equation 2).
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202 L
Uy - Vg = 3 ° f(e,n) (eq.2)
4we hep
R . R € =~ 1 'nz -k
f(e,n) = ; T B
26 +1 "2n“ + 1
and B = (g - ).

Thebpwhambeohamedﬁomequmlefmsoublevﬂuummdhp(ﬁgmen 'I‘l:c!engthofd:efuﬂymded
molocale for 4COB is 1.4 sm. "The effoctive length of the hydsocarbon substitueat chain deprads on the sature of the solveat.

Thereﬁore,thepanmeterbumalwhtedfwdﬂnmmofp mmm;mmuueﬂshwmﬁzumlymoduudy
dopendeat on small changes of p. Bmmmyeuethedwohmomemdtheemﬁedsﬁtenmuchhrgertbanthedlpohmommtof

theyomduneeommthwhumhsls :
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Figure 3: Spectral shift as a function of the solvent polarity according to equation 2
Table II: Values of M and p, derived from equation 2.
pfum - D . kg ‘ e
4COB 05 124D ~ asp’ ' 169D
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—
Ref. 16.
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Time-resolved fluorescence

Themhdmeﬁmemhedmmmmmmdmdbymmsofagobdmmm In table 1T and IV the decay
parameters and the statistical parameters are listed. The statistical parameters of the globally analyzed monoexponential decays are
not within the confidence limits (i.c. global Z(x%) > 3), while the statistical parameters of the globally analyzed two-exponential
decays are within the confidence limits. David et L5 found that COB compounds in solution exhibit a monoexponential dscay
within the detection limit of their experimental setup. Analysis were also done on single curves, and the recovered parameters did
wwmmmwm,mmmdmmmmmnm:WMmM
mﬂywﬂfm&ommwmm

mmemmumm"dmewmmkmmhmmmuumw ‘

] somﬂl e Am ) S 01 . . ’4'1'1&“ e 02 ; T2 xz

Hexane 320 nm 045 0.119 105 107 19
340 nm 055 0.119 106 107 114

360nm 052 0119 106 107 1.09

380 nm 0.66 0.119 110 107 116

Dibutylether ~ 325um 0.5 0.120 107 108 106
- 350am. 047 0.120 108 108 115

380.nm -0.68 0.120 113 1.08 110

400 nm 113 0.120 113 108 113

Dicthylether . 330 nm 054 0.105 104 116 113
35%0o0m . .- 047 . 0105 1.00 116 113

370 nm 046 0.105 101 116 112

390 nm 040 0.105 1.00 116 113

Butylacetate 330 nm 04 - 0083 096 126 114
350 nm o7 0.083 099 126 119

370 nm 064 0.083 099 126 113

390 nm 0.56 0.083 099 126 113

'reuahydrg)fmu' 350 nom 0.54 0.120 098 . 126 108
7,=0.8ps < 380nm 053 0.120 00 126 1.00
420mm 086 0.120 103 126 111

Ethylacetate 330 am 061 0.109 01 130 114
n=L6ps 350 nm 049 0.109 098 130 118
370 nm 051 0.109 0.99 130 101

390 nm 0.50 0.109 098 130 104

1-Butanol "30nm U 4001 0 0208 094 T 136 126
7=1329ps 360 nm 040 0208 101 136 1.08
380 nm 062 0.208 1.06 136 102

40mm 069 o 0208 107 136 107

Acectonitrile " 340 nm T 047 0.095 091, T154 1,3
,=02ps * 360nm 048 0095 091 154 110
380 nim 052 0.095 092 154 . 109

400 nm 062 110095 093 154 ‘ 116

a)'l‘hcdoeayswuemasuredat%chmelsandatsuchmels Thenuumesorshoﬂcomponents-rla:ewwmetoabout
+20 ps. .
b) 7 = loogitudinal solvent relaxation time.
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mw.wm(x’“nu(x’)wu umwm-ﬂwm

;E ﬂxzm ' ’X!aob z‘%w

Ethylacotate | CSm wmm e 197
1-Butanol | 1% 251.494 1098 2154
Acotonitrils S 60m 109860 0% 17

mv;nmpmammh-wummmmmmwm

B % B ) P Tmolacr. X
340 om 018 0193 0% 138 002 195
340 0m 026 0193 090 138 o008 1%’
3400m 021 0193 088 138 0037 195
360 om 046 0193 01 138 0012 096
360 nm 052 0193 1w 13 oms 108
360 om 050 0193 101 138 0037 119
380 nm 068 01 106 138 0012 112
Mam 057 019 o2 - 13 0018 106
30om . 054 0193 100 . 138 037 105
400 nm o7 0193 085 138 0012 112
400 tim 078 093 18 138 0018 118
#0om . 084 . - 0198 . a3 0087 099

Table Vb: Decay parameters of 4COB in n-butanol at room temperature for the global two-exponential and three-cxponential
mblll.Globz(p)=2.w2

AEm % By % By o B3 Timolncr. )
340 nm 043 0201 092 138 085 0.116 0012 1.03
340 nm 037 " 0201 092 138 089 0.116 0.018 1.04
3400m . 047 - 0201 089 138 . 100 0.116 0.037 102
360 nm 046 0.201 101 138 0012 096
360 nm 0.52 0201 107 138 - 0.018 - 1.08
. 360 nm 0% . 0200 .. 101 138 . 0037 119
380 nm 067 0201 105, 138 0012 112
380 nm -0.56 0.201 093 1138 0.018 1.06
380 nm 054 - 0201 ©1.01 138 - : 0.037 105
400 om 0.69 0.201 0.95 138 ‘ 0.012 112
400om 0.7 0201 1.08 138 ' 0.018 118

400 nm -0.84 0.201 107 © 138 : ’ ) 0037 0.99

The time resolved decay measurements exhibit bi-cxponential decays over the whole emission range, with a fast rise time and a
'decaynmegomgfrom107n.smhennetol.54nsmacetommle(’l‘abkm) Inmosteases,therelanvewaghtofﬂwmume
componennslessthanSO% bntmmemﬁpwmyumehmdammwmwmmda
classical precursor - successor relationship, mfaathattherauooftheptemuualfaamdoetnotequal-latshon
wavclcngthsmdxcatesthattheprocessmmmecomplexthanmdmtedbythcwaponcnuﬂmodeluwdmomanalymh:tcannot
bercsolvedwithintheeiperimentalmor. This is consistent with a model involving continuous red shift of the fluorescence due to
solvent relaxation.
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In table Va and Vb the time resolved fluorescence: properties of 4COB in 1-butantt st rooin temperature: were move inteniively
investigated because they showed a peculiar behaviour at hypsochromic wavelengths. A sct of 12 flnorescence decays, analyzed at
d:fferentwavelenahs(%onm.masonmmdMnm)udatdxﬁuemumemmmm(mgmpsmdmps),wuglobmy
anslyzed as two-cxponentials (Table Va). It s clear from the X values that the decays measured at 340 nm arc responsible for the
h:ghvalueoftheglobz(xﬁ Andydngthedmysmmmedu%mm&rwmmhopumnkmmedobz(xz)mm
wh:ch:svnthmtheconﬁdencehmt(’l‘ableVb) Pmmﬂlegldbalmalynsthreeglobaldmypmetmmommd.uhmm
nmeonOOpsandadcuyumeofLSSnsoverthewholeemswnunge,andumaﬂthuddmyume(vuthapomvembumn)
ofﬂ6psobservedathypsochmmxcwavelengtha(<360nm) Thmmoreomnplexbehamntuprobablyacomqumofﬂwsbw
solveat relaxation time of butanol. Themhnmumeofthemlwmbewmeshngermdwnhmthemdmhﬂbmpmmm
setup. 'l‘helargerbathochromcshxftoftheemsmonofthemhmdfomobservedmpdarhydrogenbondfommgndmmm
a better resolution of the spectrum of the initial and the relaxed forms. Asaconuquenceaposﬂ:veprenpommlfnaoru
obsewedatshortwavelengthsforthefastdeuyingwmponent(lmps)

32. Influence of the solvation dynamics on the ICT stabilization.

In order to investigate the role of the solvent dynamics in the stabilization of the ICT state of 4COB, the formation of the ICT state
of 4COB in a temperature region of 77K to 293K was examined in 1-butanol and in dicthylether, both by steady state and time
resolved measusements. These two solvents are clidéen because their polarity strongly increascs with decreasing temperaturs (from
293K to 190K), andtheypossessdlﬁerentrehnuoncharactemucs 1~bntanolxsasolventw1thn|luwrehxanounme,while
dwthyletherhasamuchfastenelaxauonnme.

Steady state ﬂuomccnce

In figure 4, the ﬂuotescencespectxa of 4COB mlbutanol mthe temperatureregonofmm‘ﬂl(mshown. The polarity of 1-
butanol increases from 293K to 185K (Table VI), and this would normally resulf'in a baﬂiochromlc shift of the ICT ﬂuoreseence
upon cooling. However, a hypsochromic shift is observed upon.cooling.

Since the polarity of diethylether also increases from 4.31 at 292K to 7.17 at m@able\ﬂ),abathochmmcshxftu alsoupoaed
for the low temperatire study. Experimentally a bathochromic shift is found fof diethylethet (Figure 5).
Fonnatxonoflcrstatesxsu.suaﬂyaocompamedwnthanmu'easeofthemg:itudeofthcdlpolemommofthemleule. For
4COB, as indicated above, the dipole moment of the excited state is estimated to be atoundZOD Twoliuunngeﬁectseanbe
envisioned for the stabilization of the ICT state. If internal rotation and charge sepandm occurs rapidly: compared to solvent
relaxation, the solvent will not be in equilibrium with the excited molecule. As a resuli, relaxation and restructuring of the
surrounding solvent will be mamfested by a contmuous Stokes slnft of the emission spectrum. In this case, the rate of ICT
formation is governed by the relaxahon times assouated with solvent motion. Time»dependent Stokes shifts have been oburved in
seveml molet:ul::szs'30 For A bntanol at low temperature (see below table VII) the solvent relaxauon is slow compared to the
rotauon and charge separatlon, and em:sslon of photons will take place before the system is fully relaxed result)ng in a

‘ hypsoqlx;om;q shift upon eoolmg.



Table VI: Emission maximum (Xw) for 4COB in 1-butancl and diethylether at different temaperatures, and solvent dislectric -

constant .
Temp®) . A € Tmp®)  Pmx  E

292 . 369 nm. - <19.0 292 . 350nm 431
m 367 nm 206 m 352 nm 469
242 ‘365 nm 240 260 "353am 4.99
23 360 nm 265 24 355 nm 598
206 357 nm 29.1 203 © 357om 6.71
185 352 nm 31 182 359 nm 717
77 331 nm 7 333 nm

341 nm : 344nm

mmmmﬁmmmmmmmmmmmmmmm
be maintained during the rotation process. Thiswﬂlmukinam'-ofrcrformaﬁonwhidﬁsdmthnthemlmﬁmﬁmu

associated with the solvent motion. Fmdiethyle&u,themhemréhnﬁonisofthemgmdﬂmmmmthermﬁmmdthe
charge separation kinetics, and the system is always in solvent conformational cquilibrium, even at low tempersatures (185K).

Hmver,at‘m(thesolven!rdnnﬁonbecomuveryslowandtheqﬂmwﬁﬂmbemhxedbeforeemissionofphotomtakes

place, and a hypsochromic shift is observed for both solvents (Figure 4 and 5).

34.6

intensity

Figure 4: Fluoesscence spectra of 4COB in 1-butanol at (—) 292K (~.-) 273K, (——) 242K, (~ =) 223K and (....) 206K.
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hwmm:’nhmawm) For solvents with very short relaxation times, ﬂneeblewedrhﬁineiubontlﬂ)pl
which is probably & consequence of the limited time-resolution of the experimental setup (about 100ps). s&mnwhhadowu
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In figure 6 the rise times of the ICT formation in a series of alcohols are plotted versus the lobgitudinal relaxation time of the
solveat, and it can be scen that the rise times are longer than the solveat relaxation time. In table VI, the rise times of the time-
mmdMBmlmmatwmdmwMMm The observed rise times arc
Wmmmm%@«mmwwmmmmmmw
error. A good correlation between the longitudinal relaxation time and the rise time of the solveat , Kowever, can be observed for
expermennmthabettermneruollmon(mcakamn)perfomedonothcrcomponndnﬂ'33 ’

mmwﬂuumfoﬂconhlwudlﬂnmmm

Temp. ~ r(pt) - Tmp. T (pq) ‘l‘em T (ps)
353K 90 293K a7 233K 365
343K 100 283K "t 229 23K 373
333K 121 213K r1,1] 213K 407
33K 144 263K 312 203K 466
313K 157 253K 333 193K - - 486
300K 180 243K 354 183K 502
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Pigure 6: Experimontal rise time versus the losgitndinal relxation time of the solvent in a series of alcobols at room temperature.
33. Importance of hydrogen bonded clusters in the ICT stabilization

ummmmdeWMmmomquummmam&m
mmmmmmdlmymﬁﬂemm mmmmmmm
bOnxponenuponeuMﬁemﬂmpdarqm(ﬂe;&w-mudﬁew-wO)nd
ICT formation occurs in both solvents . If the internal rotation and charge separstion is faster than the solvent relaxation, the

esniggion dynamics as a function of the alcohol concentration will reflact the. impostance of the aloohol structure in the stabikzation
of the ICT state.

In figure 7, the fluorcscence spectra for 4COB in 1-butanol and butyronitrile: are shown. Their emission spoctra at room

wmmmuwmmmdmmmpum The fluorescence spectra for 1-
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74.0
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intensity

320. ®0. 7 doo. 440. 480.
_ wavelength (nl) o
M_Fluoreweneespectmmof@!m(—-)butymmmlemd( )l-bntaml.(RT)

Time resolved fluorescence
ThenmemolvcdemlmonMfmmnmlhmnomemncmdmel-bmmmeyromﬂenﬂnmmshmmubh

v, hbmyronmﬂemdmlbntmoVbutymmudemmmmthanuohutthdwmuimmmm s lmps-nd
dependonlyweakly‘oniowenteomponuon. Forhrgeralooholcontents,themmnulengthenemddenbly

Table VIII: Statistical: parameters. sl ‘decay parameters for the- "decay for 4COB In 1-butanoVbutyronitrile
mixtures analyzed globally for each solvent composition. The Y and Z(x*) are also given.
1-butanol/butyronitrile %, (ps) 14 (09) nglob Z(xz)glob
1-butanol 217 1311 1.066 1478
101 194 1393 1015 0.366
s 180 1397 . 1105 2640
7 128 1415 1113 2848
1n Ce - 142 6 2019
) 101 1425 1.086 2151
s 100 1414 1131 3133
1/10 81 1417 1117 2948
butyronitrile 89 1408 1133 2871

For a better understanding of the origin of the rise times observed in 1-butanol and 1-butanol/butyronitrile mixtures, infrared
spectra were recorded of the 4COB solutions. The O-H stretch region is shown in figure 8. At low alcohol concentrations a single
peak is observed, this peak is characteristic for monomer alcohol in solution. No remarkable changes in the band ghape or its
position are observed until the 1-butanol/butyronitrile ratio is 1/2. Increasing the alcohol concentration broadens the absorption
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band and the maximnm shifts to lower eoergy. The spoctral broadening corresponds to the formation of hydrogen: bonded
wmwwmmmmdmmmmmmmmm
mmmmB.mmmmmmmmhmwﬂmamnml-

Wmmmwmm

%X Transmittance

0 T i AN S TR

’ ';v;numher (Cl(-lj

Figure 8: Infrared spectra of the O-H stretching r ‘M!Wymuhﬂsm&MB M(A)rlm(B),LID(C),LS
(D).l:2(B),11(F),2:1(G),51(H)udm1(l) mmmmmmm md:hﬁsto
lower energy, characteristic for the formation of hydrogen bonded aggregates. :

4, Conclusion,

The photophysical properties of 4COB have been examined in a range of solvents. A salvatochromic shift was observed. Together
with a large rise time componeat obecrved over the whole emission range, this is an indication that the emission originates from an
ICT state. Even in nonpolar solvents (alkanes), risc times were observed indicating the fast rotational relaxation toward the planar
ICT state. The ICT formation studied in 1-butanol and in diethylether shows that there the stabilization of the ICT state is
governed by solvent dynamics. Purthermore, the importance of hydrogen bonded clusters in the stabilization of the ICT state is
demonstrated. The rise times observed in 1-butanol/butyronitrile mixtures reflect the influence of the alcohol structure.
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