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Photo induced e˜ect s in pu re C6 0 : C 60 -T T F and C60 -2- thio xo-1,3-dithio le

cycloaddu cts are investi gated using nonlinear optical techni ques. W e have
studied photoindu ced optical second har monic generation, two-photon ab-
sorption, linear electro- optics , and quadratic electro- optic e˜ect coe£cient
versus applied pressure ( p) and temp erature ( T ). W e deduce the in Ûuence of

the graf ted substituen ts in pure C 60 on the observed photoinduced e˜ects.
T he obtained results illustrate clearly that the photoinduce d nonli near op-
tics can be used as a to ol to detect structural changes at low temp erature

in mo diÙed C60 . W e have unambiguousl y demonstrated that, under the ap-
plied hydrostatic pressure up to 19 GPa and the temp erature from 4.2 up
to 150 K , the observed e˜ects are essentially caused by the graf ted T T F
deriv atives.

PAC S numb ers: 42.65.A n

1. I n t rod uct io n

Ma teri als, whi ch show changes in opti cal , electronic, dielectri c and m echani c
pro perti es by appl ied hydro stati c pressure and tem perature wi th high sensiti vi ty
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are very pro mising for materi al science. Am ong various candi dates for such sys-
tem s, nonl inear opti cal organic m ateri als attra ct a lot of attenti on [1{ 11]. Up to
date these m ateri als are used as l ight f requency modul ato rs, deÛectors, and devi ces
for opti cal inf orm atio n storage.

Chem ical modiÙcati ons of ful lerenes are interesti ng owi ng to potenti al im -
pro vement of thei r stabi l i ty and pro cessabi l ity , as well as opti cal nonl ineari ty .
Thi s study concerns ful lerenes f uncti onal ized wi th 2-thi oxo-1,3-di thi ole (CA) and
tetra thi af ulvalene (TTF) cycl oadducts. Mo re pro minent for these goals are ful lere-
nes chemical ly m odiÙed by incorp orati ng di ˜erent donati ng m oieti es,such as TTF
deri vati ves [12]. The design of new m ateri als wi th enhanced nonl inear opti cal sus-
cepti bi li ti es (NLO) is usual ly restri cted to ¤ -conjugated com pounds.

Ful lerene m olecules serve as acceptors for the added organi c groups. D ue to
relati vel y largesizesof such typ es of molecules, the interm olecular intera cti ons may
give essential contri buti on to the appro pri ate susceptibi li ti es and wi l l be cri ti cal
to externa l hydro stati c pressure (p ) and tem perature (T ).

In thi s case the m olecular engineering is di rected prevai l ingly on m odiÙ-
cati on of the length of the m ethyleni c chains or/ and substi tuti on of the conj u-
gated chains wi th electro n-donati ng or electron-accepti ng substi tuted arom ati c
m oieti es [7]. Ful lerene as stro ng acceptor, can be used for the elaborati on of such
m ateri als. Thus, molecular system s incorp orati ng ful lerene wi th an electron donor
can exhi bi t strong charge tra nsfer (CT) e˜ects and electron-vi bra ti on intera cti ons
(EVI). The latter f actors play a centra l ro le in the to ta l values of second- order
susceptibi l i ty . Hence, we pro pose to study photo induced opti cal second harm oni c
generati on (PISH G), l inear electro-opti cs (LEO), two -photo n absorpti on (TP A)
under pressure and tem perature in order to found some correl ati on between these
photo induced e˜ect and structura l changes under p and T .

W e choose the C 6 0 -TTF because pure C 6 0 possessa large thi rd- order non-
l inear opti cal response [12{ 15], substanti al ly stro nger tha n f or the tra di ti onal
¤ -conj ugated polym ers, whi ch are usual ly one-dim ensional ones. The TTF deri va-
ti ves added to C6 0 lead to an increase in dipolem oment of studi ed com pound whi ch
could enhance NLO response [11] under the appl ied pressure and temperature.

The enhancement of second-order nonl inear opti cal response is largely depen-
dent on electro-pol ing and opti cal pol ing pro cedure [16]. Thi s stim ulates long-range
m olecular ori enta ti on and determ ines the output of second-order susceptibi l i ty ,
whi ch is al lowed onl y in non-centro sym metri c media. In the case of the chemi-
cal ly modiÙed ful lerenes, there exi st many molecular conf orm ati ons wi th di ˜erent
potenti al (to ta l energy) barri ers [17{ 19]. As a consequence, one can exp ect the
exi stence of tra nsform ati on of the m olecule between the parti cul ar local tota l en-
ergy mini ma due to appl yi ng of externa l hydro stati c pressure and variati on of
tem perature [20]. Thi s situa ti on is qui te sim i lar to usual phase tra nsiti ons [21].
Ho wever, in thi s case we have m any therm odyna mical sta tes, contra ry to the case
of tra di ti onal phase tra nsform ati ons where there are onl y two . A tunnel ing pro cess
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between the parti cul ar m olecular pressure{ tem perature (p À T ) dependent conf or-
m ati ons is possibl e wi th probabi l i t y inversely proporti onal to the m enti oned to ta l
energy barri ers. Thus one can intro duce an order param eter to describe the tun-
nel ing pro cess as in R ef. [21]. The frequency of the tunnel ing is usual ly cal led
soft mode, because i ts f requency drasti cal ly decreases for the externa l therm ody-
nam ic parameters close to the phase tra nsiti ons. Externa l pressure and tem per-
ature cause \ freezing" (decrease in frequency) of the parti cul ar m odes favori ng
app earance of corresp ondi ng phase tra nsiti ons. Pro babl y, new ki nd of phase tra n-
siti ons, nam ely by inter- conform atio n tunnel ing should be considered. These tra n-
siti ons wi l l be studi ed separatel y. In the present case, EVI plays special ro le in NLO
susceptibi l i ty .

The interm olecular intera cti ons give relati vely low contri buti on to the NLO
response. However, under the appl ied externa l Ùelds (parti cularl y electrom agneti c,
hydro stati c pressure, tem perature etc. ) as wel l as wi th varyi ng tem perature, the
contri buti on of the interm olecul ar intera cti ons to the NLO drasti cal ly increases
due to the above-menti oned reasons.

The electri cal and opti cal poling of the ful lerenes requi re essential ly smal ler
poled Ùelds com pari ng to tra di ti onal organi c m ateri als. Thi s is caused by higher
degree of freedom of f ul lerene-l ike m olecule. Thi s one leads also to possibi l i ty of
e˜ecti ve CT in the Ûuori ne-TTF deri vati ves incorporated into the appro pri ate
polym er m atri ces.

For m echani cal and chemical stabi l izati on of Ûuori ne deri vati vesa guest{ host
photo polym erizati on techni que is appl ied. W ealso used the opti cally induced NLO
e˜ects in our previ ous inv estigati ons. The obta ined results showed tha t operati on
by the interm olecul ar and intra molecular CT m ay lead to enhancement of the
output nonl inear opti cal susceptibi l i ti es [12]. We also expect tha t the rem ark able
di screpancies observed in avai lable experim ental data f or the ful lerene-l ike mate-
ri als indicate on cri ti cal ro le caused by the structura l conf orm ati on rearra ngement
varyi ng under externa l Ùelds.

Ma in dra wback of tra di ti onal NLO m etho ds, such as TP A, degenerate fourth
wa ve-mixi ng (D FW M), opti cal second harm oni c generati on (SHG ) etc., consists
[2, 3, 7] in a relati vely smal l sensiti vi ty to contri buti on of the EVI subsystem s,
whi ch are responsibl e to p À T inÛuence. Contra ry to the above-mentio ned e˜ects,
the l inear electro-opti cs e˜ect al lows us to detect contri buti ons of the electro nic
as well as of the EVI ones [7]. Sim ul ta neously the LEO (Po ckels) e˜ect can be a
nondestructi ve to ol for p À T m easurements and is compl ementa ry to tra di ti onal
m etho ds of phase tra nsi ti on' s investi gatio ns (l ike di ˜erenti al therm al analysis, di f-
ferenti al scanni ng calorim eters etc. ).

In thi s work we study photo induced e˜ects in m entio ned compounds using
nonl inear opti cal techni ques such as PISHG , LEO and TP A. Mea surements were
carri ed out on C6 0 -TTF and C6 0 -2- thi oxo-1,3-dithi ole cycl oadducts (see Fi g. 1). W e
m easure photo induced opti cal second harm onic generati on versus tem perature (T ).
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The exi stence of large PISHG signal is due to the contri buti on arising from high
asym m etry of charge density distri buti on in the case of f ul lerene derivati ves.

W e give correl ati on between di ˜erenti al scanni ng calori metry (D SC) on one
hand and PISHG , LEO, and TP A on the other hand. The com pari son shows clearl y
tha t tho se e˜ects can be used as a sensiti ve to ol for detecti ng phase tra nsiti ons in
ful lerene derivati ves at low tem perature.

2. E x p er im ent a l m et h ods an d t heor et ical simu lat io n s

The chemical structure of investigated com pounds are presented in Fi g. 1.
C 6 0 -TTF derivati ves and C6 0 -2-thi oxo- 1,3-di thi ole were prepa red accordi ng to
D iels{ Al der cycl oaddi ti on between the tra nsient diene generated in situ by
1,4- reducti ve eliminatio n of corresp ondi ng 2,3-bi s [brom ethyl ] TTF.

Fig. 1. Chemical structure of molecules: a | R = S(C H 2 ) 4 À C H 3 ; b | R = C H3 ,

c | C 60 -2- thioxo- 1,3-dithiol e.

Fig. 2. T he pro cess of photop olymeri zati on w as carried out under applied electric Ùeld

( was varying from 300 to 800 kV ). Solidi Ùcati on of the liqui d comp ositio n was obtained

using U V -light generated by nitrogen laser for about 3 min ( nm and the used

p ower w as about 35 W /cm 2 ).

The synthesi zed sam ples consisted of powder- like pi ecesof the chrom ophores
wi th di ameters ranging from 10 to 2 0 m. For technological appl icabi l i ty such
powder- l ike specimens were incorp orated into the ol igoethera cryl ate photo poly-
m er matri ces. A solidi Ùcati on pro cess wa s perform ed using a ni tro gen laser ( =

3 3 7 nm ) wi th photo n energy power of about 45 W / cm2 (see Fi g. 2). Specimen' s
sizes were equal to about 5 5 3 m m. Specim en' s spati al non-uni form it y did
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not exceed 1.2% over the com posite surface. These m atri ces al low Ùtti ng thei r
parameters to the opti cal coe£ cients of the inv estigated ful lerenes. The experi -
m enta l setup of PISHG is presented by Fi g. 3. W e use Q -swi tched ni tro gen laser
as a pum p beam (Ñ = 3 3 7 nm , t = 5 À 45 ps; power was vari ed up to 1.2 GW / cm 2 )
and Nd :YAG laser as pro be beam (Ñ = 1 : 0 6 ñ m ; t = 3 0 ps; power of pro be beam
( I s ) 30 MW ). F i s used in order to cut the Ñ = 1 : 0 6 ñ m. The measurements were
perform ed for polari zed l ight beam .

Fig. 3. T he principa l scheme of experimental setup used for the measurements of pho-

toinduced second harmonic generation PISHG. P | p olarizer, P h | photo detector,

F | Ùlter, S | sample, I p | pump b eam, I s | prob e beam.

The m easurements of the LEO coe£ cients were conducted usi ng the tra di -
ti onal Senarm ont m etho d. A He{ Ne laser beam (wa velength Ñ = 0 : 6 3 3 nm ) wi th
power of about 10 m W wa s used as a l ight source. D iameter of the used laser beam
wa s equal to about 3.5 m m . Preci sion of bi refri ngence evaluati on was about 1 0 À 5 .
Thi s one al lows us to m easure the LEO coe£ cient wi th accuracy up to 0.005 pm / V.
Varyi ng the exp erimenta l geom etry we found tha t LEO corresp onds to the r 2 2 2

tensor com ponent. For the LEO m easurements under appl ied hydro stati c pres-
sure, a special therm opressure chamber wi th sapphi re wi ndows was constructed.
Pressure wa s changed wi thi n the 0.1{ 15 GPa range. Preci sion of the pressure sta-
bi l izati on wa s about Ï 0 : 2 GPa. The Ma o and Bel l typ e di amond anvi l cell suppl ied
wi th di amond opti cal wi ndows wa s used for these measurements. Al l m easured op-
ti cal parameters were then stati stical ly avera ged using large numb er (100{ 160) of
beam points thro ugh the specim en surfaces for each p À T point. Af terwa rds, a Ùt-
ti ng pro cedure was done using a spline smoothi ng and â 2 stati sti cswi th parameter
better tha n 0.02. A m ixture of metha nol / ethanol / l iqui d ni tro gen or l iquid argon
in proporti on of 15:5:2 was used as a pressure m edium . R uby Ûuorescence was
appl ied for a hydro stati c pressure determ inati on of pressure gradients. T o el im i -
nate elastoopti c contri buti on of sapphi re wi ndows into the electroopti c coe£ cient
(EOC) we have perf orm ed m easurem ents of the pressure{ tem perature dependent
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Fig. 4. (a) Calculated dep endencies of the L EO tensor comp onent r 222 versus pressure

and temp erature: for pure fullerenes; (b) calculated dep endenci es and measured data of

the LEO tensor comp onent r 222 versus pressure and temp erature: for comp ound b for

tw o di˜erent temp eratures ( ¯ ) T = 1 2 K , ( ) T = 4 : 2 K .

bi refri ngence wi tho ut the sam ples. Af terwa rds the corresp ondi ng correcti ons were
intro duced into the expression for determ inati on of EOC coe£ ci ents. The obta ined
exp erimenta l and theoreti cal data are presented in Fi g. 4. One can observe good
agreem ent between experim enta l and theoreti cal data . The used theoreti cal m odel
can be found in Ref. [12].

Ano ther im porta nt point consists in the evaluatio n of the thi ckness vari -
ati ons under appl ied hydro stati c pressures. The correspondi ng coe£ cients were
determ ined using the interf erom etri c measurements from the same p À T points for
Ùlm- l ike specim ens of di ˜erent thi ckness. Pressure À temperature vari ati on sti mu-
lated occurrence of m any wa velength m axi maÀ minim a. As a consequence resolvi ng
the set of equati ons we determ ined varia tio n of Ùlm thi ckness wi th precision up
to 0 : 0 2 ñ m versus p À T . The perform ed evaluatio ns wi th ta ki ng Cl asius{ Mo sotti
equati ons into account showed tha t contri buti on of the e˜ecti ve changes of the
specim en thi cknessgives about 3.6% of contri buti on. The measurements perform ed
for the pure ol igoethera cryl ates indi cate tha t the EOC values are appro xi matel y
equal to about 0.02 pm / V and are com parable wi th the measurement background.
Thus the oligoethera cryl ate matri ces are appro pri ate for evaluati ons of the EOC
coe£ cients for the given composites.

Exp erim ental data concerni ng the photo induced e˜ects in pure C , C -TTF
and C -2-thi oxo- 1,3-di thio le cycl oadducts such as linear electro-opti c e˜ect are
presented in Fi gs. 4 and 5; nonl inear pho to quadrati c electro-opti c e˜ect (QEOE)
| in Fi g. 6, two- photo n absorpti on | in Fi g. 7 and photo induced opti cal sec-
ond harm onic generati on in Fi g. 8. Al l photoinduced e˜ects were m easured versus
appl ied pressure (p ) and temperature (T ).

W e can easily observe the inÛuence of the grafted substi tuents in pure C on
the studi ed photo induced e˜ects. The correl ati on between DSC therm odyna mics
detecti on of phase tra nsiti on (see Fi g. 9) and obta ined results concerni ng PISHG ,
QEOE i l lustra te cl earl y tha t the photo induced nonl inear opti cs can be used as a
to ol to detect structura l changes at low tem perature in m odiÙed C .
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Fig. 5. (a) C alculated dep endencies of the LEO tensor comp onent r 222 versus pres-

sure and temp erature; (b) comparison of the experimentally measured r 222 w ith the

calculated for comp ound C 60 -T T F at T = 6: 5 K .

Fig. 6. Photoinduce d quadratic electro- optic e˜ect versus temp erature T for com-

p ound c .

Fig. 7. InÛuence of increasing deriv atives tails length on the changes of phase transi-

tions. ( ¯ ) TPA , (continued line) C p di˜erential scanning calorimetry thermo dynami cs

detection of phase transition .
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Fig. 8. Photoinduce d optical second harmonic generation versus T .

Fig. 9. Di˜erential scanning calorimetry for comp ound c .

The measured pressure{ tem perature (p À T ) dependenci es of the r 2 2 2 LEO
coe£ cient for C6 0 and C 6 0 -TTF are presented in Fi gs. 4 and 5. One should noti ce
an app earance of clear m odul ati on of the r 2 2 2 versus p and T at tem peratures
below 25 K for the m odi Ùed C6 0 (b specimen). A shift of tem perature f rom 6 K
up to 7.5 K leads to occurrence of the stro ng pressure-dependent behavi or of
the LEO (com pare Fi g. 3). It is necessary to add tha t the Pockels e˜ect was
observed also wi tho ut appl ied externa l hydro stati c pressure. Com pari ng the ob-
ta ined experim enta l data wi th theo reti cal ly calcul ated a f airl y good agreement is
observed. Ma in ori gin of such cri ti cal behavi or reÛects soft m ode appearance due
to inter- conf orm atio n quasi-phonon m odes. Several di screpancies coul d be possi-
bl y due to l im iting of the used quantum -chem ical model duri ng descripti ons of
m esoscopi c e˜ects or by inÛuence of hi gher order anharm onic EVI. At lower tem -
peratures, the exp erim ental ly observed LEO e˜ects for the pure C6 0 show a smooth
decrease analogously to the calcul ated resul ts (Fi g. 4a). In the case of the m odi Ùed
C 6 0 , sharp- like LEO maxi m a (Fi g. 5) wi th the hal f-wi dths of 45 K and 0.8 GPa are
observed in agreement wi th the theo reti cal sim ulatio ns. The Ram an m easurem ents
versus appl ied p À T param eters, whi ch were perform ed by us wi thi n the spectra l
range of 45{ 300 cm À 1 dem onstra ted a good correl ati on between the density of the
low- frequency pho non m odes and the observed p À T LEO dependencies. Thi s f act
conÙrms the theoreti cal predi cti on about a dominant ro leof the inter- conf orm ati on
tunnel ing m odes in the observed LEO e˜ects. W e should a lso underl ine tha t the
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opti cal SHG as wel l as TP A (p erform ed in the sam e specim ens under sim ilar p À T

condi ti ons) did not show any p À T -dependent modul ati on.
It is im porta nt tha t wi th further increase in the pressure and tem perature

the EOC strongly decreases. Thi s f act reÛects an occurrence of tem perature reori -
enta ti on of the ful lerene-l ike deri vati ves.

It is importa nt tha t for longer TTF' s chains (sp ecim en b) we have observed
the m odul ated dependence of r 2 2 2 versus pressure p only. The observed m odul ated
p À T dependence of the LEO e˜ect is closely connected wi th the exi sting to ta l
energy m inim a separated by low tota l energy potenti al barri ers between the to ta l
energy val leys (up to 0.24 eV), one can shift to ta l energy mini mum , appl yi ng the
externa l p or varyi ng T .

The m olecular dyna mics geometry opti m izatio n was carri ed out for the iso-
lated ful lerene-like m olecule using a MM + m etho d and a deri vati ve pro cedure of
Bro yden{ Fl etcher{ Goldf arb{ Shanoo typ e wi th vari able e˜ecti ve cluster cut- o˜s.

Ca lcul ati ons of the electro nic structure were done using the semi-empiri cal
AM1 m etho d wi thi n the HYPER CHEM 7.0 program . The hyp erpolari zabi liti es of
the electro-opti cs were calcul ated using a m etho d described in Ref. [12].

3 . Co n cl usion s

In summary , the m odul ated- l ik e LEO dependences versus p À T have been
observed in the TTF- deri vati ves ful lerenes. The exp erimenta l resul ts presented
here pro vi de unambiguous answers to the ro le played by EVI in the measured
LEO coe£ cients. A new typ e of EVI m ani festati on of the mul ti conform ati onal
system s in the LEO phenom enon is shown. W e show a good agreement between
exp erimenta l and theo reti cal data of QEOE (Kerr e˜ect). TTF cycl oadduct f avors
the appearance of noncentro symetry of electron charge density whi ch leads to an
increase in photo induced SHG signal . W e should underl ine tha t PISHG , LEO
(Po ckels), QEOE (Kerr) shows high sensiti vi ty to detecti on of pha se tra nsiti on in
the m odiÙed C6 0 -TTF. W e have dem onstra ted tha t the photo induced Ûuctuati ons
under the appl ied p À T are larger for the C6 0 -TTF m olecule since such system
exhi bi ts a del icate balance of the interco nÙgura ti on (p À T -dependent) sta tes and
larger dipole m oment tha n in the case of C6 0 .
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