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SPRY 

Pressure ef&ts on emission spectra of /Pt2(P205H )4]4- (Pt24-) crys- 
and Rn(bpy)3 

crystals, 
solution (KuB32’*, jn ethanol-methanol!) were studied. In 

reduction of both intra- and intermolecular Pt--Pt distances 
high pressure resulted in lower energy shifts of fluorescence and phos- 

phorescence, emergence f excimer-like emission, as well as in efficient T-T 
annihilation. 5i. In RuB3 solution, pressure induced high energy shift and 
sharpening of the emission were observed at 110 - 200 K, and were interpreted 
by viscosity dependent solvent relaxation. 

pressure effects on excited molecules are of current interest since the 

intramolecular factors (interatomic distance and bond angle, overlaps of 

atomic orbitals, and so forth) and intermolecular factors (morphology, crys- 

tals structure, intermolecular distance and orientation, free volume of 

medium, and so forth) can be tuned by variation of the applied pressure 

without changing the chemical composition. These structural changes influence 

both absorption and emission spectra of organic/inorganic molecules so that 

inter- and/or intramolecular interactions in the ground and excited states 

could be elucidated by “pressure tuning spectroscopy” (ref. 3). In solid, 

intro- and intermolecular distances are compressed under high pressure. 

Therefore, exciton migration, electron hopping, spin-orbit coupling, and so 

forth, sensitive to the distance between adjacent molecules or atoms, will be 

under the influence of pressure. in solution, on the other hand, the pri.mary 

effect of pressure is the change in solvent properties: viscosity (“11, 

dielectric constant (Ds), and refractive index (n). Solvntion around polar 

excited state molecules will be thus susceptible to pressure. Although tem- 

perature variation can also change these solvent parameters, the effects of 

temperature and solvent parameters can not be discussed independently. 
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Pressure- and temperature-controlled experiments provide complementary infor- 

mation on the photophysical processes in solution. 

In this article, we present the pressure effect 011 the emission spectra 

of well-grown [Pt2(P205H2)4]4- (Pt24-) crystals (ref. 4) and Ru(bpy)32+ 

(RuB3 *+) solution (ref. 5). Characteristics of l't24- and RuB3*' are as fol- 

1OWS. 

pt24- consists of two square planar complexes facing each other in 

which a Pt atom is located on the center of each plane (refs. 6-7). Further- 

more, in the well-grown crystals the Pt2 4- unit aligns along the Pt-Pt axis. 

The intramolecular Pt-Pt distance and the intermolecular Pt2 4- distance along 

the Pt-Pt axis in the crystals (as potassium salt) are 2.925 and 5.063 i, 

respectively. The Pt-Pt interaction 1s weak and expected to be affected by 

applied pressure, leading to the change in dz* orbital energy of mutually 

facing metal ions. Since Pt24- exhibits both strong phosphorescence with long 

lifetime Qls) and fluorescence with much short lifetime (ps), pressure-induced 

structural changesof the crystals will be easily monitored by emission 

spectroscopy. 

The metal-to-ligand charge-transfer (MLCT) excited state of RUBEN+, rep- 

resented as *[Ru111(bpy)2(bpy-)]2+, possesses a large dipole moment while the 

complex is non-polar in the ground state (ref. 8). Excitation of RuB3*+ thus 

accompanies large reorientation of the surrounding solvent molecules. 

Pressure- and temperature-controlled time resolled e;!ssion spectroscopy are 

Potential means to study solvent relaxation of “RLlB3Y 

INSTRUMENTAL SETUP 

High-pressure cell 

For high-pressure study, a diamond an- 

vil cell (DAC, Fig. 1) was used because of 

its handiness and transparency from 

ultraviolet-visible to infrared region and 

also to x-ray. The applied pressure was 

determined by the ruby luminescence method 

and the peak energy of the luminescence was 

calculated by a polynomial fitting of the 

spectrum (the accuracy was f. 0.1 GPa). This 

DAC allow us the measurements up to 11 GPa in 

the temperature range between 77 and 400 K 

(ref. 9). Fig.1 A diamond anvil cell 

(DAC, ref. 9). 
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Fig.2 Block diagram of the time-resolved emission analysis system: YAG, a 

Nd:YAG laser (Quanta-Ray, DCR-1); HG, a harmonic generator; DP, a disper- 

sion prism; P, a rectangular prism: BR, a beam reducer: PR, a printer or a 

plotter: OX, an oscilloscope for monitoring the timing between a laser 

pulse and a delay or an emission decay profile (Iwatsu, TS-8123) or emis- 

sion spectrum (Tektronics 475); DL, a delay generator (Stanford Research 

Inc., DG535); CPU, a microcomputer (Mitsubishi, Multi 16TII or NEC, PC- 

9801m); D, a diode array deLector (Tokyo instruments Inc./Princeton In- 

struments Inc., IRY-512 spectrometric multichannel analyzer (SMA)); GP, a 

gate pulser (FG-110); C, a SMA controller (ST-110); PO, a polychromator 

(Jabin-Yban. HR-320); F, an optical fiber: MO, a monochromator for pres- 

sure determination; PM, a photomultiplier tube (Hamamatsu, R928); HV, a 

high-voltage power supply; PA, a pulse amplifier and an AD converter; MD, 

a monochromator driver (ref. 9). 
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Nanosecond time-resolved emission spectroscopy 

Excitation of samples and detection of the emusion from DAC were con- 

ducted by means of a backscattering configuratiun under d stereomicroscope or 

in a homemade liquid nitrogen cryostat. The emission from DAC was introduced 

to a polychromator through a 

quartz optical fiber. Nanosecond 

time-resolved emission spectra 

were obtauxd by using the system 

which consists of a pulsed Nd:YAG 

laser, a gated multichannel 

plaLe/photodiode array deLector 

(spectral multichannel analyzer, 

SMA) equipped with a 

polychromator, a controller, and a 

digital delay generator. The 

block diagram 1s shown in Fig.2. 

The Lime and wavelength resolution 

were -5 ns and -0.5 nm, respec- 

tively. A photomultiplier was 

used for a measurement of the 

emission decay profile. 

Further details of the ex- 

periments have been described 

elsewhere (ref. 9). 

PRESSURE EFFECTS ON Pt24- CRYSTALS 

Pressure Dependence of Emission 

Spectrum of Pt_+ Crystals 

Emission spectra of Ptz4- 

crystals at various pressure are 

shown in Fig.3. The pressure ef- 

fects on the spectral shape were 

reversible and reproducible "poll 

applying and releasing pressure. 

With Increasing pressure both the 

emission maxima of fluorescence 

(V,) and phosphorescence (L)P) from 

pt*4- crystals shifted almost 

linearly to lower energy (Fig.4) 

The amounts of the shifts 

(AU/A P) were -170 and -190 

16 18 
3" ,03$' 

24 

I 

F1g.3 Emission spectra of Pt24- crystals 

aL atmospheric pressure ( -, 10e4 GPa), 

0.8 GPa (----), and 1.5 GPa (---); 

excitation at 355 nm, gate width of SMA = 

20 ns. The intensities are normalized to 

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

a function of pressure. 0: fluo- 

rescence, 0: phosphorescence, and 

0 : new emission. Data reproduced 

from ref. 4. 
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cm-l/G& for VF and VP, respectively. The microcrystals, which have random 

arrangement of Pt24- units, showed similar pressure dependence of VF and Lip 

and AU/PI' were comparable to those for Pt2 4- crystals. Therefore, these 

shifts inuF and VP are ascribed to intramolecular effect on I't2 & structure. 

For the face-to-face binuclear complex, approximate molecular orbitals 

can be constructed by the combination of orbitals for two square planer com- 

plexes constituting the binuclear complex (refs. 6-7, 10-11). The molecular 

orbital relevant to the monomeric square complex splits into two. In the 

case of Ptz4-, the dz2 splits into d6* (HOMO) and dd, and the p, splits into 

~4" and pb (LUMO). The degree of the splitting is decided by the strength on 

the metal-metal interaction; metal-metal distance. X-ray analysis and IR 

spectroscopy of Pt24- crystals under high pressure suggest that both intra- 

and intermolecular Pt-Pt distances along the Pt-Pt axis are compressed (ref. 

4). Thus, the applied pressure brings about the strong Pt-Pt interaction. 

The pressure induced lower energy shift of the emission is interpreted as the 

result of stronger destablization of HOMO than that of LLIMO. 

The most striking feature of Ptz4- crystals is emergence of a new emis- 

sion at lower energy side of the fluorescence under high pressure (Fig.3). 

The chararteristics of this new emission were a large pressure-induced lower 

energy shifL (-1000 cC1/GPa, Fig.O)and an immeasurably short lifetime (<lo 

ps). This new emission was observed only for well-grown Ptz4- crystals, but 

not for microcrystals or solution Ptz4- having random arrangement of Ptz4- 

units. In pt*4- the electronic state of the singlet is not expected to split 

any more by perturbation even if spin-orbit coupling is considered. There- 

fore, this new emission is owing to intermolecular interaction between Pt2 4- 

units. 

In the well-grown crystals intermolecular interaction exists as observed 

as triplet energy migration, which is dominant under high pressure (ref. 12). 

The exciton in molecular crystals exists in a band close to the excitation 

level resulting from the condensed state of molecules. The excited state is 

transferred through the band and recombines with a ground state molecule at 

some trap site in crystals, which is observed as excimer, for example (ref. 

13). Pt24- crystals (as K" salt) have the intermolecular Pt-Pt distance of 

5.1 angstrom along the Pt-Pt axis which is roughly equivalent to the size of 

5dZ2 and/or Gpz atomic orbitals. While the applied pressure reduces the in- 

termolecular distance, the interaction between Pt2 4- molecules becomes 

stronger than at atmospheric prcssure. 

In the case of molecular crystals of aromatic hydrocarbons such as 

pyrene, it is well known that the excimer emission owing to exciton migration 

and subsequent trapping in excimer forming sites is observed at atmospheric 
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pi-essure. With increasing pressure, the excimer emission shifts to 1owe1 

encrgy since the reduction of intermolecular distances increases the binding 

energy in the excited state and augments the repulsive potential in the 

Frauck-Condon ground space. Excimer formation in Pt2 4- crystals is unprece- 

dented, and it is difficult to obtain direct evidence from analysis Of its 

emission rise and decay profile. However, the finding that the new emission 

is observed under high pressure when the inter Pt2 & distance is comparable to 

or somewhat longer than the excimer forming distance in organic systems is in 

support of the present assignment. If 5dz2 and/or 6pz orbitals participate in 

excimer formation, excimer formation at a larger separation than in the case 

of organic excimers is reasonable. The new emission is characteristic of the 

well-grown crystals but not of the microcrystals in which Lhe molecular ar- 

rangement is thought to be irregular. Random molecular arrangement in solid 

is certainly unfavorable for excimer formation. Not only for exrimer forma- 

tion, energy migration is suppressed in microcrystals as manifcstcd by the ab- 

sence of T-T annihilation. 

Pressure Induced T-T Annihilation 

In solution or microcrystals, Ptj- exhibits strong phosphorescence 

which decays single exponentially with long lifetime (~10 or 3-4 ps, 

respectively). In the well-grown crystals, on the other hand, the phnsphores- 

cence decay profile is non-single exponential and strongly depends on the ex- 

citation density. The lower the 

excitation density, the better the 

decay profile analysis by single ex- 

ponential function. This is inter- 

preted hy T-T annihilation sub- 

sequent to triplet energy migration 

(ref. 14). 

'The energy migration process 

occurs via overlapped 5dz2 orbitals 

directing Pt-Pt axis jn the crystals 

so that the efficiency (i.e., devia- 

tion of the decay profile from 

single exponential funcLion) is ex- 

pected to be sensitive to inter- 

molecular Ptz4- distance. In Fig.5, 

the phosphorescence decay profiles 

of pt24- at several pressure are 

shown. With increasing pressure, 

the phosphorescence decay becomes 

Fig.5 Phosphorescence decay pro- 

files of (Bu4N)4[Pt,(P,O5H,)41 

crystals at 0.03 (a), 4.41 (b) 

and 8.80 GPa (c). 
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faster arid the profiles deviate from single exponPntia1 functions. As men- 

tioned above, LIE applied pressure brings about changes in intermolecular k't- 

Pt distance so LhaL Lhe rate of enel-gy migration 

increases (ref. 15). 

Analogous distance dependence of energy migraLion can be observed by 

varying counter cation size of Pt2 4- crystals (ref. 12). Changes in the coun- 

ter cations from Nat, Kt, Et4Nf to n-Bu4N+ (increasing order of inter Pt2 4- 

dlstancc) result in slower phosphorescence decay and the decay profiles ap- 

proach to single exponential function. The increase in the counter cation 

size brings about decrease in the efficiency of the energy migration. 

Tn the case of Pt24- crystals, application of pressure affects both 

inter and intramolecular Pt-Pt distance (interaction). Lower energy shifts of 

fluorescence alld phosphorescence are due to intramolecular deformation, while 

the intermolecular perLurbation induced the emergence of new emission band 

(excimer-like emission tram the singlet state) as well as efficient T-T an- 

nlhilation subsequent to triplet energy migralion. 

PRESSURE EFFECTS ON Ru(bp#+ EMISSION IN ETHANOL-METHANOL 

Pressure and Temperature Dependence of Emission Spectrum 

At room temperature, RuB3'+ shows broad and structureless emission with 

the maximum energy (L'e,) of 16410 cm-' in ethanol-methanol (4/l, v/v). With 

increasing pressure, v,,, shifts lower energy (15680 cm-1 at 1.8 GPa, Flg.6a). 

The rate of lower energy shift (AL'e,/AP = -390 cm-l/GPa) is slightly larger 

than that observed in acetonitrile (-230 cm~'/GPa) but is very much larger 

than the value in crystal (-0.2 cm-l/GPa below 2 GPa, ref. 16). In solution, 

the applied pressure induces an increase in density of the solvent and thus, 

in dielectric constanl. (Ds), refracLive index (II), and viscosity (q). us, of 

Ru(I1) complexes is sensitive to Ds and/or n. Therefore, application of pres- 

sure to RuB3'+ solution leads to stabilization of the MLCT excited state 

(lower energy shift of emission) through increases in Ds and/or n of the sol- 

vent (refs. 17-18). At 100 K, on the contrary, the solvent is fully rigid 

(glass-to-fluid transition temperature, Tg, in ethanol-methanol (4/l, v/v) is 

130 K) so that the applied pressure does not influence the solvent properties 

appreciably. The emission spectra at 100 K are thus, almost independent of 

pressure as shown in Fig.6b. 

In marked contrast to the results at room temperature or at 100 K, a 

pressure induced high energy emission shift was observed between 110 and 200 K 

together with sharpening of the spectrum (Fig.6c). At (0.06 GPa - 160 K), the 

spectrum is relatively broad with Ve, = 16190 cm-' and the full width at half- 

maximum (fwhm) = 3400 cm-' while u,,, and fwhm at 0.91 GPa are 17080 and 2510 
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Fig.6 Emission spectra of Ru(bpy)32+ III ethanol-methanol (4/l, v/v). 

Data reproduced from ref. 5. 
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given (P-T) condition (ref. 5). 
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-1 cm , respectively. At 0.91 GPa, the vibrational structures of the spectrum 

are well-resolved similar tu the speck-urn at 100 K. 

Temperature dependence of the K,Bx2+ emission spectrum at a fixed pres- 

sure is shown in Fig.6d. At 0.06 GPa, the spectrum becomes sharper and shifts 

to higher energy upon cooling. The important finding is thaL the changes in 

the spectrum by cooling at a fixed pressure are quite analogous to those ob- 

served by applying pressure at a fixed temperature. Indeed, both L',, and fwhm 

of the spectrum at (0.06 GPa - 100 K) agree quite well with those at (0.91 GPa 

- 160 K). Both applying pressure and decreasing temperature bring about the 

similar effect on the emission spectrum; high energy shilt and sharpening of 

the emission spectrum. The result clearly demonstrates that the emission 

spectral shape 1s determined by solvent viscosity. 

Y em obtained at other (P-T) conditions are summarized in Fig.7. The 

dashed lines, a and b in Fig.7, are contour lines corresponding to Vem to 
-1 17100 and 16100 cm , respectively. In the (P-T) region above line a, I, the 

emvxsion spectrum was almost independent of P and T, giving sharp and struc- 

tured emission at 17100 k 17200 cm -' similar to the spectrum at (0.06 GPa - 

100 K). In ihe (P-T) region below line b, III, the spectrum was broad and 

structureless with Uem ,., 16100 cm-' regardless of P and T. In the inter- 

mediate (P-T) region, II, however, V,, and fwhm of the emission spectrum are 

strongly dependent on P as well as on 

T. At 0.06 GPa, a decrease in T from 

160 to 100 K results in an increase in 

V em from 16100 to 17100 cm-l. 

Similarly, at 160 K, the applied prcs- 

sui-e gives an increase in vi,, fr-om 

16100 cm-' at 0.06 CPa to 17100 cm-' 

at 0.91 GPa. Analogous results were 

obtained for other sets of (P-T). It 

is noteworthy that a time-dependent 

lower energy shift of the spectrum was 

observed III the (P-T) region, II. 

Time-dependent Lower Energy Shift of 

Emission Maximum 

Time-dependent (TD) behavior of 

the emission in polar solution is com- 

mon phenomenon and has been currently 

discussed in detail on the basis of 

salvation dynamics around the excited 

solute molecules (ref. 19). Under 
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Fig.8 Time-resolved emission spectra 

of Ru(bpy)3L+ in ethanol-methanol. 

Data reproduced from ref. 5. 
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high pressure, the solvent viscosity 

increases with P so that the 'I'D shift 

is detected at higher temperature. 

Fig.8 shows time-resolved emission 

spectra in ethanol-methanol. At (0.06 

GPa - 160 K), the spectrum shifts to 

lower energy with increasing a delay 

time after excitation (t) while the TD 

shift cannot be seen at (0.66 GPa - 

120 K). Dependence of aVmax 

(u,,(t=O) - Ve,(t=t')) is shown in 

Fig.9 as well. At 0.15 GPa, Ue, 

shifts to a lower energy by *200 or 

-300 cm -' from t' = 0.1 to 1.1 ps at 

140 or 155 K, respectively (Fig.9a). 

At 155 K (Fig.9b), AV,,,(t' = 0.1~ 

1.1,~~) decreases with increasing P 

from *200 cm-l at 0.07 GPa to +-50 cm -1 

at 0.54 GPa. The results manifesL 

that determines Au,,, and thus, 

the rate of solvent relaxation. 

Under atmospheric pressure, the 

TD emission shift of RuB3 2t was ob- 

served in narrow temperature region 

between 115 - 151) K in ethanol- 

‘E 
l-l 

. 

3 
a 

Fig.9 Temperature (a) and pressure (b) 

effects on time-dependent lower energy 

shift of Ru(bpy)3*+ emission in 

ethanol-methanol. (a) At 0.15 GPa, 

T = 140 (I) and 155 K (2). (b) At 

155 K, P = 0.54 (3). 0.15 (4), and 

0.07 GPa (5). Data reproduced from 

ref. 5. 

methand (Tg = 130 K), 120 - 170 K in l-propanol (Tg = 147 K), or 160 - 230 K 

in 1-hexanol (Tg = 223 K). It is obvious that the rate of solvent relaxation 

is governed by Tg or fp (freezing point) of the solvent (ref. 20). Solvent 

effect on the TD shift is highly consisLent with P and T dependence of the 

emission. 

Both P and T dependence of ye, can be satisfactorily explalned by 

viscosity-dependent solvent relaxation. In a rigid matrix far below Tg, the 

motion of solvent molecules around the excited state complex is inhibited so 

that U,, is higher than that of the solvent relaxed MLCT excited state at 

elevated temperature. Above Tg of the medium, on the other hand, since sol& 

vent relaxation takes place within ns - ps time regime, the emission spectrum 

of the complex is observed at a lower energy relative to that below T 
g' 

Large 

broadening of the spectrum with decreasing P or increasing T is also readily 

understandable as a result of time-averaging of the stabilization of the 

charge separated excited state with the surrounding polar solvent molecules. 
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