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The effect of applied hydrostatic pressure (up to 275 MPa) on the photophysical properties of the cuprous io
cluster Cul4py;, (1) in room temperature solutions has been examined. Although there was little pressure eff
on emission spectra or lifetimes under conditions where the solutions remained fluid, dramatic hypsochrc
shifts in the emission bands occurred wheexceeded that pressure necessary to induce the solvent to under
the room temperature phase transition from fluid to sdRg.( For example, in ambient pressure benzene, the
ma™ of the “cluster-centered” (CC) emission bfis 695 nm, but aP > P; (72 MPa) this shifts to 575 nm,
similar to theAma™ seen for solid (580 nm). In contrast to the pressure-induced rigidochromism displayed b
the luminescence spectrumlgfthe emission lifetimes proved relatively insensitivé’to Notably, the CC* state
of Cul4pya represents an unusual example displaying rigidochromism but not solvatochromism in its luminesce
For comparison, analogous pressure studies were also carried on Re(pheBj(@omplex which exhibits
rigidochromism in luminescence from a metal-to-ligand charge transfer state.

Introduction strong hypsochromic shift to 583 nm whé@&nis lowered to 77
. . . K.2 In contrast, solid displays a strong room temperature CC*

The rich photophysical properties of copper(l) and other gmission aflmat™ = 580 nm which undergoes a bathochromic
polynuclear & complexes have been subject to considerable ghif 1o 619 nm at 77 K. This implies that the blue shift in the
recent attent?oﬁi? One extensively investigatgo! compound is  gg|ution phase CC* band results from changes in the rigidity
the cuprous iodide cluster Glupys (I, py = pyridine);1~43- of the medium rather than simply from the lowefBdA similar
which displays a strong, room temperature emission band .yncjusion was drawn by Kunkely and Vodlavho noted the
attributed to a “cluster-centered” excited state (CC*) having Jmaf™ differences betweeh in fluid benzene solution and in
mixed iodide-to-metal charge transfer (XMCT) and metabd  {he solid state and also reported that the luminescence spectru
orbital parentagé’ The CC* band displays a peculiar | jn polymethylmethacrylate resin displayed a single band
sensitivity to the ambiance; its position in fluid solutions is (610 nm) closer to that for the solid than for fluid solution.
relatively insensitive to solvent identity but is quite responsive gjmilar behavior has been termed “luminescence rigido-
to the temperature and rigidity of the medium. For example, chromism” for other metal complexes with emission spectra

ma™ = 690 nm in toluene solution at 294 K but undergoes a gominated by metal-to-ligand charge transfer (MLCT) baiis.
One possible explanation would be that this property reflects

(3 ?b)stéacapgblicshf\ff iUIAdUaAA@e Agf Abﬁfaég%%n;gfézlé_lggg- § significant differences between the ground and excited state

a) Fora, P. C.; vVogler, AACC. em. Re: 3 an H ;

references therein. (b) Hardt, H. D.; Pierre,ZA.Anorg. Allg. Chem structures ol. Such .a proposal WBUId.be consistent Wlth the
1973 402, 107;Inorg. Chim. Actal977, 25, L59. (c) Radjaipour, M.; enormous Stokes shift for the CC* emissidand the surpris-
Oelkrug, D.Ber. Bunsen-Ges. Phys. Chet®78 82, 159. (d) Ford, ingly slow rates of electron transfer froth ¢ as well as with

P. C.Coord. Chem. Re 1994 132 129-140. (e) Rath, N. P.; Holt, e ; i
E M. Tanimura, K.Inorg, Chem 1985 24, 3934. (f Rath. N. P. ab initio calculation$ which indicate that the Gucore contracts

Maxwell, J. L.: Holt, E. M.J. Chem. Soc., Dalton Tran986 2449. but the Cu-I covalent bonding diminishes in the CC* state.
(9) Lai, D. S.; Zink, J. I.Inorg. Chem.1993 32, 2594-2596. (h) Thus, there is ambiguity regarding whether,Gpy, as a unit
Yam, V. W. W.; Lo, K. W. L.; Chueng, K. Kinorg. Chem.1995 should undergo net expansion or contraction upon excitation

34,4013-4014;1996 35, 3459-3462. (i) Kutal, C.Coord. Chem.

Rev. 1990 99, 213-252. () Horvath, O.Coord. Chem. Re 1994 The present stgo_ly_was mmateo! w_lth the goa! of pr_oblng the
135,303-324; (k) Stevenson, K. L.; Knorr, D. W.; Horvath, Aorg. effect of solvent rigidity on the emission propertied efithout
® Ehem-1|996 35.(81)’:5P—8ﬁ9. W. L: Crosby. G.JAPhys. Chent989 changing either the temperature or the identity of the solvent.
xamples are: (a) Parker, W. L.; Crosby, G.JAPhys. Che iati ; “ »
93, 5692-5606. (b) Assefa, 7.. Destefano, F.: Gerepapaghi, M. A Variation of hyd_rostatlc pressurf)may be thus used to “tune
LaCasce, J. H., Jr.: Ouellete, S.; Corson, M. R.: Nagle, J. K.; Patterson, SOlvent properties at a constant temperatété. Two types of
H. Inorg. Chem 1991, 30, 2868-2876. (c) Hong, X.; Cheung, K. K.; solvents were investigated, those which undergo the transitior
Guo, C.-X.; Che, C. MJ. Chem. Soc., Dalton Tran$994 1867. (d)
McCleskey, T. M.; Gray, H. Blnorg. Chem.1992 31, 1733-1734. (7) A second band, attributed to emission from an iodide-to-ligand charge
(e) Hubig, S. M.; Drouin, M.; Michel, A.; Harvey, P. Dnorg. Chem. transfer (XLCT) staté;* appears at higher energy (480 nm in toluene)
1992 31, 3688-3689. (f) Balch, A. L.; Catalano, V. J.; Olmstead, but is nearly undetectable at room temperature. This band become
M. M. J. Am. Chem. Sod99Q 112 2010-2011. (g) Asssefa, Z.; much more prominent for both solution phase (436 nm in toluene)
McBurnett, B. G.; Staples, R. J.; Fackler, J. P.,1%iorg. Chem1995 and solidl (438 nm) at 77 K. The appearance of this band at low
34,4965-4972 and references therein. temperature is a principal source of the “luminescence thermo-
(3) Kyle, K. R.; Ryu, C. K,; DiBenedetto, J. A.; Ford, P. £L.Am. Chem. chromism” first described for these materials by Hardt and co-
So0c.1991 113 2954-2965. workers!P However, under the conditions of the pressure experiments
(4) Vitale, M.; Palke, W. E.; Ford, P. Q. Phys. Cheml992 96, 8329 described here, the weak XLCT band was not observable.
8336. (8) Wrighton, M.; Morse, D. LJ. Am. Chem. S0d974 96, 998-1003.
(5) Vogler, A.; Kunkely, H.J. Am. Chem. Sod 986 108 7211-7212. (9) Lees, A. JChem. Re. 1987, 87, 711-743; Comments Inorg. Chem.
(6) (a) Dgssing, A.; Ryu, C. K.; Kudo, S.; Ford, P.L Am. Chem. Soc 1995 17, 319-346.
1993 115,5132-5137. (b) Tran, D.; Ryu, C. K.; Ford, P. Ghorg. (10) Isaacs, N. SLiquid Phase High Pressure Chemistdohn Wiley &
Chem.1994 33, 5957-5959. Sons: New York, 1981; p 112.
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from fluid to solid phase at a certain applied pressi énd 1.2
others which are continuously fluid over the pressure range used. =~ 44 F= 75MPa P= 0.1 MPa
In the former group were benzen = 72 MPa at 298 K}? 3 benzene/298 K
p-xylene (36 MPaJ? and o-xylene (229 MPaJ? in the latter 0.8
group were toluene and dichloromethane. Presented here are 50 6
data for the pressure effects in such media over the range 0.1 i
275 MPa which demonstrate pressure-induced luminescence £0.4
rigidochromism forl. Comparison is made to the photophysical EO o]
behavior under analogous conditions of the rhenium(l) complex '
Re(CO}(phen)Br (I, phen= 1,10-phenanthroline), which has 0 , ‘ — \
been reported to display luminescence rigidochromism. This 400 500 V{;OO 700 800 900 1000
4 . avelength (nm)
property of the Re(l) luminophores has been exploited to probe o ] ]
the rigidity of various solvent medf. Figure 1. Emission spectra of Glypy, in benzene at ambient pressure
and 75 MPa. Both spectra have been normalized to an arbitrary
Experimental Section maximum intensity of 1.0.

Culspys was synthesized as descriBeand recrystallized from ~ Table 1. Emissionima®™ and Lifetimes of Cul4pys and _
benzene/hexane. Re(phen)(GBY)was synthesized according to the ~Re(phen)(CQBr in Solution at Different Pressures (P) and in the
published metho# All solvents were dried over Cat+and distilled Solid State

under nitrogen prior to use. complex solvent®)2 P (MPa) Anaf™(nmP 7 (usyf

The procedures for the photophysical measurements under pressur
have been described elsewhété.Briefly, for a typical experiment, a eCu4l4py4 benzene (72) 42'1 6535 8 %‘9
solution ofl (~1 mM) was prepared under Ar or,ldnd transferred to 160 575 9'_4
the glovebox where a small volume of the stock solutie®.g mL) 276 575 9.2
was added to a quartz optical capsule (diametép cm). A Teflon p-xylene (36) 0.1 700 6.1
piston was used to seal the solution inside the capsule. The capsule 20 700 5.9
was placed into a Nova Swiss high-pressure optical cell (model 90 572 9.3
545.0040) which was filled with fD as the pressure-transmitting 160 572 9.0
medium. The high-pressure cell was attached to an Enerpac hand pump o-xylene (229) 0.1 695 d
via a stainless steel transmitting tubing and gauge, which were used to 276 575 d
generate and measure the applied pressure. The temperature of the toluene ¢300) 0.1 700 9.5
pressure cell was maintained at 25 by a Haake FK circulating water 44 700 9.5
bath. 90 700 9.8

. o 136 700 9.6

The apparatus used to record luminescence spectra and lifetimes are CH,Cl, (1300) 0.1 695 3.2
similar to that described previously. The excitation source was the e 266 695 d '
third harmonic (355 nm) of a Continuum Model NY-61 Nd:YAG laser solid 0.1 580 11.0
(~10 ns pulse width). The emission spectra were monitored at a right Re(phen)(COBr benzene 0.1 610 0.50
angle to the excitation by a spectrograph linked to a CCD detector 175 546 0.17
(Princeton LN/CCD-1024 EUV) which was interfaced to a 486 PC for solid 0.1 523 0.46

data manipulation. The emission spectra under pressure were collected
by averaging the data from 100 laser shots. Lifetimes were determined
by monitoring the emission decay at a single wavelength, ustiall§™,

via a monochromator and a RCA 8852 PMT. The PMT output was .
terminated into a Tektronix TDS 540 digital oscilloscope interfaced to N Other solvents & < Py, i.e., pressure effects ofna’™, were

a 486 PC with software for kinetics analysis. All emission spectra Minimal in solvents which remained fluid. This behavior

a Py values from ref 10 All emissionima<™ values arek5 nm (see
ref 14).¢ All lifetimes are +10%. 9 Not measured.

were corrected for detector response. included solutions ofl in solvents such as toluene and
dichloromethane which remained fluid over the entire pressure
Results range investigated (to 275 MPa) (Table 1).
Effects on Emission Spectra and Lifetimes of I. Figure 1 In contrast, a sharp discontinuity in the luminescence behaviol

illustrates the luminescence behaviorldh benzene solution.  of | was seen whe® was raised abov®;. For example, in
At ambient pressure, the CC* emission was seen as a broadbenzenel; = 72 MPa), freezing of the bulk solvent was quickly
band Avi, = width at half the maximum intensity 2.6 x evidenced by the increased scattering of the laser light anc
10° cm™Y) centered atlmae™ = 695 nm!4 Increasing the  emission from the cell aB was raised to 75 MPa. Owing to
pressure had virtually no effect on the apparent emission the much greater light scattering from the frozen solutions, it
intensity, ondmae™, or onAvy, SO long asP was less thar;. was impossible to determine quantitatively if the CC* emission
For example, aP = 44 MPa, the emission band was observed was also immediately changed in intensity; however, withi2 1
to be centered at 695 nm and appeared to be, within experi-min, the band atma,™ = 695 nm disappeared completely with
mental uncertainty, identical to that observed at ambient a concomitant growth of the emission band at 575 nm. The
pressure. Furthermore, there was no effect on the lifetime change was not instantaneous, nor did the band undergo
derived from the exponential decay of the 695 nm emission. gradual shift inima&™ instead, one band quickly disappeared
Analogous behavior was the rule for the CC* emission flom  while the other grew in. This behavior suggests that there are
two micro environments experienced by individual ,Gpya,
(11) Ford, P. C. Ininorganic High Pressure Chemistry, Kinetics and  one favored aP < P; and the other favored & > P, not a
gﬂtgfgaag'sﬂ,‘é%r.‘ (:Erggt'e?é. Bd.; Elsevier Science Publishers: Am- .qntinyous array of micro environments from which emission
(12) Giordano, P. J.: Fredericks, S. M.: Wrighton, M. S.; Morse, DI.L. occurs. On the other hand, there was no further measurabl

Am. Chem. Sod97§ 100, 2257-2259. effect (given experimental uncertainties) on the apparent emis
(13) Crane, D. R.; Ford, P. Q. Am. Ch_em. S0d 991 113 8_52!.0—8516_. sion intensity, OMmaE™ Or on Avip (~1.8 x 108 Cm—l) for
(14) Owing to the breadth of these emission bands, a realistic experimental . - . .
uncertainty in the positions of the maxima-i nm when recorded frozen solutions aB was again raised from values slightly above

on the CCD detector. P: to 276 MPa (Table 1).
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Figure 2. Emission spectra of Glypy. in p-xylene solution at ambient

pressure and 40 MPa. Both spectra have been normalized to an arbitrany ;-1 o1

maximum intensity of 1.0.

The observable time delay for the conversion of one emission
maximum to another after the bulk solvent appeared to be frozen
was a matter of some concern. A simple explanation might be
that the microscopic solvation environment of individual
molecules ofl might require some nominal time to freeze,
perhaps owing to the slow equilibration of the temperature after

release of the heat of fusion. The absence of a gradual shift

implies that the molecule is either in a rigid environment or in
a fluid one, but not some intermediate stage. Consistent with
this explanation is the observation that whEnwas raised
rapidly to a value much higher thdh the conversion from the
695 nm emission to the 575 nm emission is considerably faster.
Also consistent with this explanation was the observation that
changes in the emission spectrumllofupon pressure-induced
solvent freezing showed similar behavior (see below).

The lack of any pressure effects on the CC* emission
spectrum so long as solutions bfemain fluid indicates that
the dramatic shift imma&™ upon freezing must be due to the
rigidity of the solvent environment. This conclusion is further
examined by taking a frozen solutionRt= 75 MPa andl =
298 K and raising the temperature slowly to 323 K while holding
the pressure constant at 75 MPa. Upon melting, the 575 nm
emission disappeared and the 695 nm band returned. Lowerin

back to 575 nm. The cycle could be repeated with identical
results. It is notable that the integrity of was preserved

throughout these pressure experiments. The ambient pressur

emission spectra, before and after many pressure cycles, wer
identical in spectral shape as well as intensity in each of the
solvents. This observation rules out the possibility of permanent
chemical changes induced by changing the pressure.

In contrast to the spectra, the emission lifetime®of the
CC* emission froml in benzene proved relatively insensitive
to solvent fluidity. Indeed the roughly 5% increase in the
lifetimes at 298 K from 8.9us in fluid benzene to 9.4s
observed at pressures abd¥ds within generous estimates of
experimental uncertainties for lifetime measurements (10%). The
room temperature emission lifetime of solids but 11us, so
the rigidity of the medium would appear to have little impact
upon this parameter. Furthermore, there was virtually no effect
of P onz;in fluid toluene solutions (9:59.8us) from increasing
P from 0.1 to 136 MPa.

The pressure-induced luminescence rigidochromisimia.,
shifts inAmae™ was further demonstrated in two other aromatic
solventsp-xylene andp-xylene. In each case, when the pressure
was increased above th® (36 and 229 MPa, respectively),
solutions ofl in o- andp-xylene displayed hypsochromic shifts
in Amaf™ of ~3000 cnt?, but further increasing the applied
pressure had little additional effect dp,™ (Figure 2, Table
1). Lifetime measurements did indicate a modest increase of
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71 in p-xylene from~6 us in fluid p-xylene to~9 us atP >

P;. This may be due to the 50% shorter lifetimeldfunder
ambient conditions ip-xylene compared to benzene or toluene,
so that there is more room for movement to approach the valu
for solid I in the more rigid medium.

Analogous experiments were also carried out with an air-
saturated benzene solution lofo probe the effect of pressure
on the quenching of CC* by £ As expected, the; measured
(0.33us) from good exponential decay curves at ambizand
T was significantly shorter than that measured under Ar. The
concentration of @ in an air-saturated benzéfiecan be
estimated as 1.& 1072 M, so the change in lifetime would
give a second-order quenching consteydn the order of-10°
in reasonable agreement with earlier studies in this
laboratory &k, = 6.0 &0.6) x 10° M~! st in toluene)
Surprisingly, pressure-induced freezing of the benzene solutior
atP = 160 MPa only increased by a factor of~2, although,
under this condition, the decay of the CC* band clearly did not
follow a single exponential. These results imply that a different
mechanism for quenching of CC* by,Onay be involved in
the frozen solution since diffusion of,Bhould be dramatically
slower. For example, a form of static quenching by O
molecules at different distances from the luminactive chro-
mophore might be suggested. Notably, solutionsefentually
decomposed when repeatedly excited in the presence of dioxy
gen.

Pressure Effects on the Luminescence of Re(phen)-
(CO)sBr. 1l is a representative member of a series of
rhenium(l) tricarbonyl complexes with aromatic nitrogen het-
erocycle ligands which display strong MLCT absorption and
emission band%1® As do other examples of luminactive
complexes which have lowest energy MLCT excited states,
the emission spectrum of also demonstrates rigidochromic
effects and has been exploited as a possible way to probe th
microscopic physical properties of curing polynfeend sol
gelsl” For example, thén.,&™ for the MLCT emission band
of Il appears at 610 nm in ambient temperature and pressur
benzene solution, but undergoes a substantial hypsochromic shi

T returned the solution to the frozen state, and the band shifte(;Jto 70 nm at 77 K when the solution is a glass. Studies by

Salman and Drickam&tof Re(phen)(CO)CI and similar Re(l)
complexes have demonstrated pressure-induced rigido
chromism, sdl is an ideal candidate for testing the pressure

§ystem used here to probe the copper clusters.

In this context, the MLCTAna&™ of Il underwent a shift of
about 1920 cm! from 610 nm in ambient pressure benzene
solution to 546 nm at 75 MPa, i.e., abdv®eat room temperature
(Figure 3). Notably, the process was not instantaneous, bu
instead followed a pattern similar to that seen lfpthe band
centered at 610 nm decreased and that at 546 nm grew in ove
several minutes. Thédm,EM was unaffected upon further
pressure increase. The position of the band in frozen solutior
is similar but not identical to the value found for solid(523
nm, Figure 3), consistent with the observations made above fo
Cuwl4pys. However, the lifetime behavior on freezing proved
to be somewhat different. Instead of remaining nearly the sam
or even increasing somewhat, as notedIfot; measured at
Amax™ at ambient pressure andRt= P was 0.50 and 0.14s,
respectively. The solid gave a lifetime of 0.46 at room
temperature (Table 1). The hypsochromic shiftd ™ and

(15) Oxygen and Ozone; IUPAC Solubility Data SeyiBgrgamon Press:
New York, 1981; Vol. 7.

(16) Stufkens, D. JComments Inorg. Chem992 13, 359

(17) McKiernan, J.; Pouxviel, J. C.; Dunn, B.; Zink, JJI.Phys. Chem.
1989 93, 2129.

(18) Salman, O. A.; Drickamer, H. Q. Chem. Phys1982 77, 3337
3343.
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statel2d:3-5 Both experimental and theoretical results indicate
an excited state that has mixed XLC¥Ad character with the
acceptor orbital being delocalized over the;€are. Notably,
the emission spectrum from the CC* state is not solvatochromic
yet the luminescence rigidochromic effect is even largeit*for
(~3000 cn1?l) than for 3MLCT emitters such asl* . Thus,

P= 75 MPa

%

Solid P=0.1 MPa

o
= 4]
1

Intensity (arb. units)
=]
2

0.4 i one cannot attribute the pressure-induced luminescence rigidc
0.2 i chromism strictly to electrostatic interactions, and some othel
) A aspect of the rigidity of the medium must be considered.
0 e | —— Both qualitative considerations arab initio calculations
400 500 600 700 800 suggest that excitation into the CC* state should enhance metal
Wavelength (nm)

metal bonding within the Cucore, but charge transfer from
Figure 3. Emission spectra of Re(phen)(GB} in 298 K benzene  the jodide orbitals should also weaken metal halide bonding.
solution at ambient pressure and at 75 MPa and of sblishe spectra The yery large energy differences between the excitation anc
have been normalized to an arbitrary maximum intensity of 1.0. emission maxima for the CC* luminescencelf x 10° et
in toluene solutio?3 are certainly consistent with major
distortions upon excitation. Similarly, earlier work in this
laboratory demonstrated that the electron transfer quenching c
CC* by various oxidants was surprisingly sluggish and the high
over-potentials required for efficient quenching could be
interpreted in terms of the large inner-sphere reorganizatior
Discussion energy 4in = 1.4 eV) requi_rec_f. However, the absence of

) ) solvent effects on CC* emission energies suggests that an
_ The data described here clearly show that the luminescencecharge redistribution between the ground and excited state i
rigidochromism demonstrated by the CC* emission oklGU  rejatively delocalized. Thus, the hypsochromic effect of freezing
pys when various solutions are frozen by lowering the temper- the solvent, whether by lowering or increasingP, may be
ature is indeed a property of the sharply enhanced solution gtriputed to an increased energy of the CC* excited state
rigidity rather than the result of other perturbations in the system (g|ative to the ground state, owing to restrictions imposed upor
resulting from the temperature change. Pressure alone has bu(;L,4|4py4 expansion by a rigid solvent cavity. In this context,
minor effects on the photophysical propertieslofvhen the  he modest decrease in the width of the CC* emission banc
solutions remain fluid. The pressure-induced luminescence (Avy, = ~2600 cnt in fluid solution, ~1800 cnt in frozen
rigidochromism ofl in a solvent such as room temperature solvent) suggests a closer correspondence of ground and excite
benzene, which has a relatively loi, is paralleled by the state structures in the more rigid medium.
behavior of the rhenium(l) complex Re(G{phen)Br. A recent In summary, the use of hydrostatic pressure offers a conve
review, which summarizes luminescence rigidochromism be- pjent method to probe luminescence rigidochromic behavior in
havior in metal complexelsuggests that this may be limited  gojytions without changing other key parameters, especially
to complexes such a8 where the emission bands can be temperature. This technique has potential applications for
assigned to “triplet” MLCT excited states. Among those photophysical study of other polynuclear transition metal
systems described, the largest differences between fluid andcomplexes having luminescence properties sensitive to specifi

frozen solution (or other rigid media such as the solid or sglvent environments due to their highly distorted excited states
polymerized solvent) emission maxima ar2000 cntl. Lees

has attributed the luminescence rigidochromism for these Acknowledgment. This research was supported by the U.S.

3MLCT emitters to the reduced ability of solvent molecules to National Science Foundation (Grant CHE-94000919 to P.C.F.)
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electrostatic interaction with an excited state having a different |cg60959G

dipolar character than the respective ground $tsech an

explanation is certainly in accord with the solvatochromism (19) e.g.: (a) Ford, P. C.; Rudd, DeF. P.; Gaunder, R.; Taubd, Am.

often displayed by MLCT absorptiéhand emissiof?°spectra. Chem. Soc1968 90, 1187-1196. (b) Lever, A. B. Plnorganic
However, for Cupys and related copper clusters, the  Elcione Spechoecapevier Scignce Pubjsiers Amsterdam

behavior of the dominant, lowest energy emission band is clearly 199Q 29, 499-503.

not consistent with @MLCT assignment for the emitting  (20) Manuta, D. M.; Lees, A. dnorg. Chem.1986 25, 1354-1359.

decrease i seen here when a benzene solutiofl gk frozen

by pressure were qualitatively similar to the behavior reported
previously for the various solutions of the analogous compound
Re(COX(phen)Cl when subjected to pressures in excesy,of
although thelm.,&™ shifts for the latter were much smalfér.




