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SUMMARY
Pressure efgucts on emission, spectra of [Pty(P,0qH },_:‘]'5" {Pr ‘r"') Crys—
+ . 24 . . 2. .
tals and Ru(bp}’h salubicn {RuBa , in etna-:tﬂ—methano?) were studied.  In

LA

Pt{ crystala, reduction of hath dntra- and intermolecular Pr-Pr distances
under ligh pressure resulted in lower energy shifts of Fluorescence and phos-
phorescence, emergence (ﬁf excimer-like emissisn, as well as in efficient T-T
annihilation, In RuB4** solution, pressure induced high energy shift and
sharpening of the emission were observed at LI ~ 200 K, and were interpreted
hy viscosity dependent solvent relaxation.

INTRODUCTION

Pressure effectz on excited molecules are of current interest since the
intramolecuiar factors (interatomiz distance and bond angle, overlaps of
gtomic orbitals, and so forth) aud intermelecular facters (morphology, crys-
tals structure, iatermolecelar distance apd orientatien, free volume of
medinm, and so forth} can he tuned by variation of the applied pressure
without changing the chemical composition. These structural changes influence
both absorption and emission spectra of organic/inorganic melccules so that
inter- and/or ictramolecular interactions in the ground and excited states
could be elucidated by “pressure tuning spectroscopy” (ref. 3). In solid,
intra- and intermelecular distances are compressed under high pressure.
Therefure, excilun migration, e¢lectron hopping, spin-orbit cowgliang, and so
forth, sensitive to the distarmce between adjacent molecules or atoms, will be
under the influence of pressure. In selution, on the other hand, the primary
effect of pressure is the change in solvent properties: viscosiLy (M),
dielectric constant (Ds)., and refractive index {n)., Solvation arsuad polar
excited state molecules will be thus susceptible to pressere. Although tem—
peraturc variatiom can alse change these solvent parameters, the effects of

temperature and solvent parameters can not be discussed iadependently.
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Fressure- and temperature-controlled experiments provide complementary infor-
maticn on the photophysical processes in solubion.

In this arlicle, we prescent Lhe pressure effect on bie emission speclia
of well-grown [Pt;(P205H))£]4_ (Ptzi_) crystals {ref, 4} and Ru{bpyJ32+
(Ru332+) sclution (ref. %), Characteristics of 1%24_ and Ru532+ are as fol-
lows,

tza_ consists of two sgvare planar complexes facing each other in
which a It atom is located on the center of each plane {refs. 5-7). Further-

more, in the well-grown crystals the Pr,™” unirt aligns slong the Pr-Ft axis.

The intramolecular Pr-Ut distance and the intermalecular P't,"” cistance atong

the Pr-Pr axis in the crystals {as zotassium salc) are 2,923 and 5.063 3,
respectively., The Pr-Pt interaction s weak and expected to be affecred by
applied pressure, leading to the change in ezl

b

orhital energy of mutually
fucing metal ions. Since Pt2 exhibits both strong phosphorescence with leng
Lifetine (s} and flustescence with much short lifetime (ps}, pressure-induced
scructural changes»f the crystals will be casily monibored by emission
SpCCLTOSCOpY.

The metal-teo-lipgaud chavge-transfer (MLCT) excited state of Nuﬁjz', rep-~

resented as ﬁ[RuIII(bpy)z(bPYT}}2+

, possesses a large dipole moflent while the
conplex is non-polar in the eground state (ref. 8). Excitatien of RuB324 thus
accumpanies large reorientation of the surrownding sclveul wmoleecules,
Pressure- gnd temperaturc—controlled time rescleed cmission spectroscopy arve

L Z+
petential means to study solvent relaxation of :u.lB3 .

INSTRUMENTAL SETUP 8
High-pressure cell

Fer high-pressure stucy, a diamond an-
vil cell [DAC, Fig. 1] was used because of 1 \

DAC allow us the measurements up to lI GPa in

L
iLs handiness and transparency fvom !
ultraviolet-visihle to infrared region and
alsn to x-ray, The applied pressire was E s
determined by <the ruby luminescence method ji -E-
and the peak energy of tho lumincscence was wn
calculated by a polwmomial fitting of the
spectrum {the accuracy was + 0.1 GPa)}., This d? ﬂn

| !

the temperature range between 77 and 400 K
(ref. 93 Fig.l A diamond anvil cell

{DAC, ref. 9).
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Fig.2 Biock diszgranm of the time-resolved emission analysis system: YAC, a
Né:YAC lascr (Quanta—Ray, DCR-1); HG, a harmenic gencrator; DF, a disper-
sicn priam; P, a rectanguelar prismi BR, a boam redecer; FR, a printer or a
plotter: 0SC, an oscilloscoze for monitoring the timing between a lsser
pulse and a delay or an emission decay profile (Twatsu, T5-8123) or emis-
sinn spectrum (lektronics 475); WL, a delav generator {(Stantord Kesesrvch
Inc., DGEIR); CPE, a mierocomputer (Mitsubishi, Melrni 16-110 or NRC, PC-
9801mY; D, u diode array delector (Tokyo instruawents Inc./Primceton Tn-
struments Inc., IRY-512 spectromctric multichannel analyzer {SMA)Y; GF, a
gate pulser {FG-110):; C, a SMi contreller (ST-110):; 2C, a polychromator
(Jahin-Ybon, HE-320%; F, an optical fiber; M0, a menochromator for pres-
sure deotermination: PM, a photomultiplier tube (Hamzmatsu, R928); HY, a
high-voltage power sopplys PA, a pulse amplifier and ar AD cenverter; MD,

a monochremator driver {ref. 9).
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Wanoscoond time-resvlved emission spectrascopy

Excitztion of samples and detection of the enizsicn from DAD were cor-

troted by means of a backscalbiering coafiguratioe under a stereomicruscope or

in a homerade Ziquid nitrogen cryostat. The emission fror DAC was introduced

ta a polvechromator through z
~uartz optical fiber. Nanosecond
Lice~resolved  emission spectra
were obtawned by using the system
which consists of a pulsed NJ:YAG
laser, a gated multichannel
slate/photediode array delector
(speolral multickanncl gnalyzer,
SMA) equipped with =
polychromator, a conLtroller, and a
digital delay peneralaor. The
hlock diagram 1s skown im Fig.Z.
The Line wnd wavelengia resolusion
were ~% ng oand ~0.3 nm, regpeoc-
tively, A photomcltiplier was
used for a measurement of the
emission decey profile,

Further detzils of the ex-
perinents have heen  desceihed

clsewhere {[ref. G}).

PRESSURE EFFECTS ON Pt,”" CRYSTALS

Pressure lependence of Fmission

Spectrum of PLZ&"_ Crysgtals

Fmission spectra of thd_
crystals at various pressure are
showa i ¥ig.3.  The pressure ef-
fects on the sgpectral shape were
reversihle and  reproducible  upon
applying and releasing pressure.
With :ncreasing pressure hoth the
emission maxima of [luyvrescence
{vp} ard phosphorescence (V) from
Ptza_ crysktals shifrted =zlmost
lingarly to lower energy (Fig.4)
The amcunts of the shifts

{8V /a P} were —170 ard -190

Fig.3 Emission speccra of Ptzf" crystals

at wlmespheric pressure { ——, 10_lﬁ GFa),
0.8 CFo (===--13, and 1.5 GFa {(— " —);

excitation at 35%% »wm, pate width of SMA =
20 ps. The iptemrsities are sormalized to

the highest intensity (ref. 4).
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Fig.4 Emission maximum energy as

a tuncrion of pressure,. o flus-

rescenge, ] shwosphorescence, and
® : new emission. Data reproduced

from ref. 4.
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cn_lfGPa for Vr And Ve, respectively, The microcrvsta’s, which have random

arrangenent of Ptzéﬁ units, showed similar pressure dependence of Vg anc UP

and AW/ B F were conparabic te those for Ptzq_ crystals.  Therefare, rhese
£

shiflLs in UF and Vp are ascribed to intramelecular eftect oo Ptz straclire.
For the face-to-face binuclear c¢omplex, approximate nolecular orbitals
can dc cornstructed by the combination of erbitals for two square planer cam
plexes conatituring the hinuclear complex (refs. 6-7, 10-11). The molecular
orbital relevart to the monorweric square cemplex splits into two. In the

b the dz2 spliza intao dd* (HEMO} and d6, and the p, splits inte

case of Pty
pﬁ* and p& (LLM}). ‘lThe degree of the splitting is decided by the strength oo
the metal-metal interaction; metal-metal distance, X-r=y analvzis and IR
spectroscopy of Ptzd_ cryslels under high zressurc suggest that hoth irtra-
and intermolecular PL-2t distances aloung Lhe PL-PL axis ure vompressed {ref.
43).  Thus, the applied pressure brings about Lhe strong Pt-PL interaction.
The pressure induced lower ancrgy shift of the cmission is islterpreted as the
result of stronger destablization ot HOMO than that ot LTMOL

The most striking feature of Ptzd_

cryztals ig emergence of a new emis-—
sion at lewer energy side of the [lnerecscence under high pressure (Fig.3).
The characleristics aof this new emission wepe 3 large pressure-induced lower
criergy shift (=1000 cm_]fGFa, Fip.4) and an lmmeasuranly short lifetime (<0
psd. This new emissinn was observed only for well-grown Ptzi' crystals, hut
not for mirrncrystals or solubion I%zi_ having random arrangement of P:zﬁ_
units. In PLga_ the electronic state of Lhe singlet is nob expecled to splic
any more by perturbatios even if spin-urdit coupling is considercd.  There-
fore, this new emission is owing Lo intermelecular interaction between Ptza_
units.

In the well-grown crystals intermcleculer interzctiosn exists as observed
as triplet energy migration, which i1s dominant under high pressure {ret. 123.
The exciten In molecular crystals exisls o oo band close Lo the excitation
level resulting fromw the condensed state of molecales.  Thoe excited state is
transterred through the band and recombines with a ground state molecule at
some Lray silke in crystals, which s observed as exciver, for exanple {ref.
13%. Ptzd' erystals {os KY zalu) have the intermolecular Pi-Pt distance of
5.1 angstram along the Ft-Pt axis which is roughly equivalent to the size of
5dz? and/or sz atomic orbitals. While the applied usressure redeces the in-
termelecular distance, the intevactien between Ptza" molecules booomes
stronger than at atmospheric pressure,

Tn the case of molecular rcrystals of aromatic hydrocarbons such as
pyrena, il is well known that the excimer emissien cwing Lo exciton miwrabion

and subscquent trapping in oxcimer forming sitecs is ohscrved at atmaspheric
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Pressure. ¥ith incresasing pressure,  the cxcimer emissieon shifts to lower
coergy since the reducticn of incermelecular distences inecreases the bSinding
energy in the excited state ard augmenls the repulsive potential in the
Frauck-Condosn ground stale.  Fxcimer Zormalion in Ptzi_ crystals is unprece-
dented, and it is difficult tc obtain direst evidencs from analysis of 1=

emission rlise and decay profile.  lowever, the tinding that che new enisgion
is shservod under high pressure when the iaver Ptza_ distance is comparable to
or sameowhat lomger than the excimer forming distance in orgenic systems is in
support ol Lhe present assigrment.  If 5&22 and/or bp, orthitals participate in
excimer lommatlion, sxcimer formallon at a larger separatinn than in the case
afl orgenle excimers is reasonsble.  The new em’ssion iz characteristic of the
well—prown crystals sut wot ¢f the microcrystals in which Lhe pelecalar ar-
rangement ia thenght to o he Srregulac, Random molecular arrangenent in solid
is ceviairly unfavorable for excimer Zormation. WMot only for excimer forma-
vign, cnergy migratlion is sunpresscd in microcrystals as manifested by the ab-

sonce of T-T annihilation.

fressure lrduced N-1 Aunibilation

Tr =olntion or microcTystals, 'Ptzz" exhikits strong phosphorescence
whict decavs single exponentially with leng lifetime (~10 ar 3-4 Ms,
respectively).  In the well-grown crystals, osn the other hand, the phosphores—

cence decay profile is non-sing

e exponential and strangly depends on the cx-

citacion dersizy. The lower the

excitalion density, U bsller the ik
decay profile anslysis by single ex-

poncntial lunction,  Thiz is inter-

soquent to triplet econergy migration

pray
preted hy T-T annihilation sub- s
=
ch
=

{ref. 14).

(ke energy migration process

orcurs via overlapped 5d22 orbitalis

directing Pt-Pt axis i+ the crysrals 72 e L
su that the cfficiency (i.c., devia- 1 2
t, ps

tion of the decay preflfile from

single exponential functivn) is ex- Fig.5 Phusphorescence decay pro-

he o files of (Bu&N)h[Ptz(Pgong)al
mulecolar Pt2 distance. In l'ig.5, crystals at 0.03 ¢a), 4.41 (b)
the phosphorescence decay profiles

pected to Le sensitive to inter-

4 and 5.80 GPa {c).
of Ptz*_ at several pressure are

shown . With increasing pressure,

the phusphorescence decay becomes
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[faster and the profiles deviale from single exponential functirns. As men-
tionz=l abuve, Lhe applied pressose bricgs about rhanges in intermolecular I't-
Pt distance soe thet the rale of energy snlgration

increazes fref, 13).

Analogpous distance dependence of veerygy migzalion cau be observed by
varying courter cation size of Ptga_ crystals (ref. 12). Changes i: the cuun-
ter cations from Nat, Kt Et4N’ Ltu n—Bu¢N+ {increasing order of inter Ptzd_
distance} result ir slower phosphorescence decay and the decay prefiles ap-
proach to single cxponential funoticn. The incroase in the counter cation

size brings about decreasc in the cificicney of zhe crergy migration.

In the case nf Ptzﬁ_ crystals, application of pressurc affectz both
inter amt irtranolecular 1" -1t distance {interaction). Lower energy shitts of
flugrescence and phospharescence arc due to intramolecylar defarmation, while
the inlermolecular perturbation induced the cmevgence of new emission band
{exvimer-lixe emizsion [ron the singlet state) as well as cofficient T-7 an-

nzhilation subsequent to triplel energy migral.ivn,

PRESSURE EFFECTS ON Ru(bpy);2* EMTSSION TN ETHANOL-METHANOL

Pressure and Tenperarure Dependence of Emission Spectrum

AL room temperatore, RUB32+ shows broad and structureless emission with
the maximum energy (LLn) of 16410 ca! in ethascl-methamel {471, v/v). With
increasing pressure, Y, shifts lower ecergy (15680 el ar 1.8 GPa, Fig.6a).
o/ & F = -390 on”-/CPa) is slightly larger

thar, that ohserved in acetonitrile (=230 cm lfﬂPa) but is wvery much larger

The rate of lower energy shift {aw

than the value “n rrystal (-0.2 r.m_],r‘rGPa helow 2 GPa, ref. 16). In soluticn,
the applied pressure indures an iocrvease in density of rhe salvent ang thus,
in dielectric constant {Ds), refraciive index (u), and viscosity (M. Uerr. of
Ru{ll) complexes iz sensilive to Js amifor o, Therefore, applicaticn of pres-

2 golutinn leads to stabilizatien of the MLCT exciied stale

sure 1o Rubg
{lower eneruy shift of emiszion) through increases in [s and/or n of the sol-
vent (refs. 17-18). At 10D K, ¢n che contrary, the solvent is fully rigid
(glass—to—fluid transition temperaiure, Tg, in ethanol-methancl (4/1, v/v} is
130 K} ac that the applied pressure does nol influgace the sclvent properties
appreciably.,  The emission spectra at 100 K are thus, almest independent of
pressure as shown in Fig.6b.

In marked contrast to the results ar room temperature or at 100 K, a
pressurc incuced high cnergy cnission shift was chserved between 110 and 200 K
together with sharpening of the apectrum {Fig.tc). At {[0.06 GPa - 160 K), the
-1

apectrum Is relatively broad with V. = 16190+ ce™" and the full width at hali-

maximum [ fwhn) = 3400 en' ! while Vo and fwhm a: 0.91 GPa are 17080 and 2310
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Fig.6 Emission spectra of Ru(bpy)q“" in ethanol-methanol (4/:,

Data repruduced fron ref. 5.
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Fig.7 Freasurc and tempereture c{fects on the cmission

energy (x 10% enly of Ru(bpy)az+ in etharol-methanol:

the numbers represent emission maximum energy at a

given (P-T) condition (ref. 5).
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cm'l, respoctively. At 3,91 CPz, the vibrational structurcs of the spectrum

arve well-resolved similar to the speclrow al 100 K,

Temperature dependence of the R11I132+ rmission spectrun at a ixed pres-
sure is shown in Fig.8d. At 0.0¢ GPa, the spectrum bocomes sharper anc shifts
ta higher energy upon cooling.  The important finding is chat the changes in

the spectrum by conling at 4 Tixed cressurc are guite analogous to those ob-

serveld by applying pressure at a {ixed cemperature.  Indeed, hoth me end fwkm

of the spectrum at {006 GFa — NG K} agrec quite well with those at (.91 GPa
- 160 K)}. Both applying pressurc and decreasing tomperature bring about the
similar effect on the emission spectrun; hiph energy shifl and sharpening of
the emission spectrum. The result clearly demonskrates that the emissicn
speclral shope is determined hy solvent viscosity.

Yep cbtained at other {2-T) voemdibions are summarized in Fig.7. The
dashed linea, a and b in Fig.7. are contonr limes cerrespanding bo Y te
17100 and 16190 cm™, respectively.,  In the (P-T) region abeve lice a, I, the
emissfon spectrum was almosc independent of Poand T, giviag sharp and struc-
tured emission at 17100 ~ 17200 (:m_l aimi.ar te the spectrum at (0.0 GMa -
100 K}, In the {P-T) regicn lLelow line b, IIT, the spectrum was hroad and
structureless with Ueu: ~ 161G0 em™> regardless of P and T. Tn 'he inter-

mediale (P-T} region, II, however, v__ and fwhm of the cmission spectrum arc

T

3

strongly dependent on & oas well as on
T. At 0.06 GPa, a cecrease in T from
160 to 100 K results in an increase in
Vg, from 16100 to 17100 em™l.
Similarly, at 160 K, the applied pres-
sure gives an ducrease In Yam f1om

16100 cn~! at 0.06 GPs to 17100 en”!
at 0.91 GFa, Analogous results were

ohtained for ather =ets b (P-T). 1t
is moieworthy that o ticme-dependenc
lower enerpgy shift of che spectrum was

chserved zn the (P-T) reginn, II.

Time-dependert Lower Fnergy Shif, of

Fmissios Maximum - . 7 14, 16 18 20
Time-dependent {ID) behavi
ime~-dependen avior o v | 103 crﬁ‘l

the emissian in polar solution is com-
mon phenomencn and has been currently Fig.B Time-resolved emission spectra
discussed in detaii on the basis of of Ru(bp}')-32+ in cthanel-methanol,
solvaticn dynamics around the excited Data repreduced from ref. 5.
solute molecules (ref. 19%)., Under
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high pressure, the solwvent viscosity r Y
increases with P osc that the TD shift 0 _8 oo d
is detected at higher tonperature. - 9 .,%00g
° o Cog01
Fig.8 shaws time-resglved emission 2001 o
. 2 oty _ R i - | ag
sproelra in ethauol-methanol, At (0,06 - o, 002
GPa - 160 X), the spectrum shifts to - W00 -
lower enctpy with iuncreasing a delay - t t
& Orge b
time after ecxcitakicn {t} while the TD _}_}E B%q 0,50 3
L ©
saift canuct be seen at (0,60 GPa - 4 o
| o
120 %J. Dependence  of AV oy 200 2 o 50
: R , 08o
I L = e ! L -
‘Uﬁ‘m(L_D) Vo (L=t 1) i sluwn din n Ooggoofo
Fig.? as well. At 0.15 CPa, Y, L0 R
shifts =u a lawer energy by ~200 oy -
-1 [ . 1 1
~300 ot from £7 = 001 to 1.1 us at
140 155 K 1y (F Mg ) 0 05 10
or 130 K, respectively 1g.9a).
b, s

At 155 K (Fig.ob), Ay, (' = D.l~

1.1 Ms) decreases wilh iucressiny P Fig.5 Temperature (a) and pressure (b)

from ~200 cr~l ar 0.07 (Pa te ~50 cm—) effects on time—cependent lower energy

at 0.54 GPa. Tue results manifest shii't ot Ru(hpj;)?’z*' emission in

Lhat determines AV, and thus, cthanel-methancl, (u) At 0,13 GPa,

the rate of solvent relaxation. T o= L& {1} and 1599 K €2). (h) At
Under atmospheric pressire, the 55 K, P = 0.54 {3}, 0.15 {4}, and

TV emission shift of }?.uljaz" W oli- .07 GPa (5). Data reproduced from

served ir narrow temporature regicn ref. S,

between 115 ~ 1% K in ethanol-

methanol (Tg = 130 K}, 120 - 170 K in l-propancl {Tg = 147 KJ, ar 160 - 230 K
in l~hexanol (I'g = 223 KJ. It is o@wvious that the rate of zolvent relaxation
‘s poverned by Tg or fp (freezing point} of the solvent (ref. 20). Solvent
effect on the TD shift is highly consistent wilth F oawl T dependesce of the

cmission.

Both P and T dependence of Uem can be satisfactorily ecxplaincd by

viscosity-dependent solvent relaxation. In a rigid malrlx Lar below '1‘8, Lhe
motion of sclvent melecules arocund the cxcited stete complex is iphibited so
that W, is higher than :hat of the seolvent reluxed MLCT excited state al
eigvated temperature. Above Tg of the medium, on the other hand, since sol
vent relaxatvion takes place wikthin ns - us time reeime, the emission spectrum
of the complex is observed at a lower energy relative to that below TB' Large
broarfening of the spectrum with decreasing I' or increasing T is also readily
understandable as a resull of vrimc-averaging of the stabilization of the

charge separared excited state with the surrounding polar solvent molecules.
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