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The influence of hydrostatic pressui) (p to 200 bar of gaseous He was investigated on holes burned over
the inhomogeneous, S— S absorption bands of polycyclic hydrocarbons, a polymethine dye, and tetrapyrrolic
compounds imbedded in polymer matrices. The pressure shift coefficieft3 show a linear dependence

on hole burning frequencyy that can be extrapolated to the frequemgy, where no pressure shift occurs.
The vop) values deviate significantly from the actuat-0 origins of the nonsolvated chromophores. The
dependence ofiddP onv can be considerably steeper than the 2-fold isothermal compressibility of the matrix
2/31, expected for the distance dependence of intermolecular poterfti@.g. London forces). Other solvent
shift mechanisms, such as linear and quadratic Stark effects in the matrix cavity field, yield lower slope
values than 27 (Y387 and?/36+, respectively). Tentatively, these controversies are rationalized in terms of
intermolecular repulsive interactions that have a much steeper distance dependéntteat the electrostatic

or dispersive forces. The solvent shifts of band maxima, the inhomogeneous bandwidths, and the pressure
shifts of spectral holes are discussed in terms of intermolecular interaction mechanisms.

Introduction experiment? It was predicted that th® shift will depend on

Considerable attention has been paid to the optical spectratn€ POsition within the inhomogeneous spectral contour. Such
of chromophores in polymer matrices under very high pressurescolor effect was observed soon on resorufin in alcohol gléss.
(P) up to 40-150 kbar, including the main groups of organic 't Was shown that the slope of the dependence offtrehift
dyes and pigments: polyengpplymethine dyedpolyarened;s coefficient d/dP vs the burning wavenumber)(should be
and tetrapyrrole$,as well as several heteroaromatic com- €qual to Br and that the frequency where oshift occurs
pounds’ In most papers, the spectra have been measured at roon@ives the 6-0 origin of the nonsolvated chromophong)(*4
temperature using large steps of tAehange of 520 kbar. Experimentally, it was established for different dopants (pro-
At high P structural changes occur in the noncrystalline systems, toporphyrin, resorufin, hypericin, dimethgitetrazine) that in
such as the collaps of free volume. The irreversible phenomena€thanot-methanol glass the slopes are rather similar to each
remained almost unnoticed in earlier papers. Recently the other ((3.1% 0.2) x 10~ bar ). Unfortunately, thest values
memory effects in amorphous materials after the first compres- for solvent glasses are not available, so no check was possible.
sion cycle up to several kilobar have been documented at low For most of the dyes the vacuum frequencies in supersonic jets
temperatures by means of spectral hole burBiBgce the holes ~ have not been measured, so the direct comparison between
are at least by a factor of #@arrower than the inhomogeneous and the extrapolated zero-pressure-shift frequengy) could
bands, the influence of small pressure changes can be easilynot be done. Despite these problems, further work has been
studied. Hole burning offers the possibility to explore the dedicated to the determination of protein compressibilities with
chromophores selected by energy, whereas the system remainthe aid of this procedure.'6
in an elastic deformation regime. The first studies of both  since the low-temperature compressibilities of a number of
hydrostatic and uniaxial pressure were carried out on phthalo- polymers are know#! it appeared to us challenging to test the
cyanine doped in polymer host matrice$.From theP shifts hole burning method in a more extensive fashion by using tetra-
of holes burned close to the band maxima the isothermal tert-butylporphyrazinet(Bu-TAP) as a probe. Betweep$2and
compressibilities/r) were obtained that are close to the values  the slopes oP shift coefficients vs hole frequency a satisfactory
of the bulk materiat* However, instead of the sequencefaf  agreement was found, but the extrapolated vacuum frequencies
values decreasing as polystyrene (PSpolyethylene (PE) showed a very large scatter. On the other hand, several other
poly(methyl methacrylate) (PMMAY; the following one was . gjectronic chromophores were measured in a single matrix,
obtained from the optical measurement: PMMAPS> PE.'° PMMA. Here another major controversy was revealed for

A model was developed soon with the aim of getting a onpolar polycyclic hydrocarbons that are expected to possess
microscopic insight into theP effects in the hole bumning e ‘simplest solvent shift behavior. In addition to the poor

* Phone: +3727-428882;+3727-304800. FAX: +3727-383033, E-  correspondence betweeqandvo), slopes considerably larger
mail: renge@fi.tartu.ee. than 2t were obtained.
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loaded to a precooled CF1204 continuous flow cryostat (Ox-
ford). To avoid the temperature rise upon the application of He
gas pressure, the hole burning was performed at a maxitnum
of about 200 bar at-58 K. Then the gas bottle valve was closed,
and the influence of pressure change was followed by releasing
He gas in five to eight steps.

Holes were burned with Lambda Physik dye laser LPD 3002E
(line width, 2.5 GHz; pulse lengthy10 ns) pumped with an
excimer laser LPX 100. Relatively deep holes broadened by
the light dose were created at three to five frequencies over the
band during a single pressure run. Holes were explored in
transmission by applying the same laser with an attenuated pulse
energy. A two-channel Molectron JD2000 Joulemeter Ratio-
meter was used with a sensitive §2/J) J3S-10 probe in the
sample channel and a less sensitive oné 0), J3-09, as a
reference. The signals of the two channels were divided,
averaged over 10 pulses, and fed into the SUN computer.
Typically 400 data points per scanning interval were collected.
Only the pressure induced shifts will be described in the present
paper; the broadening will be treated in a separate publica-
tion.

Model Considerations

(1) Dependence of Pressure Shift Coefficients on Hole
Burning Frequency in Nonpolar Systems.The dispersion
interaction is responsible for bathochromic shifts in many less
polar molecular guesthost systems. Absorption band maxima
of not very polar chromophores in apolar medium obey well
the Bakhshiev equatioH:23-25

Figure 1. Chemical structures of guest molecules.
— 2
Vmax = Vo T Po(N°)

p=—3lI"(eg — ag)/[2(1 +1)a’]

The failure of idealized model considerations stimulated us
to investigate the interrelationships between the solvent Shifts
and theP effects on spectral holes in more detail. Liquid-phase
studies in the solvent sets with gradually varying polarities and

polarizabilities enable one to specify the solvent shift mecha- h d th K bers in th d q
nisms and yield the vacuum frequencies for those dyes that are/Ner€vmaxandvo are the peéak wavenumbers in the condense

difficult to measure in supersonic jefs:1® The microscopic and gas phases, respectivélgndl’ are the ionization energies

solvent shift mechanisms also determine the inhomogeneousOf the solute and solvent moleculese — og = Ac is the

band broadening? The following interactions will be analyzed average static polarizability difference betwe_en the_ excited (e)
in this work: the exchange repulsion, the attractive London gnd the ground (g) states)s the Onsager cavity rad|u§, and
forces, the linear and quadratic Stark effects in the cavity and is the refractive |nde?< of the. sqlvent for the Na D line. The
reaction fields, and finally, the peculiar solvation of the center Lorentz—Loren.zzgunctlonp(nz) is linearly related to the density
of free-base tetrapyrrolic pigmen®The term “peculiar” has of the solvenid:

been applied, since the “specific solvation” refers to the
hydrogen bonding and the charge-transfer complexation phe-
nomeng! The influence of solvatochromic mechanisms on the
inhomogeneous widths and the shift coefficients will be
discussed.

$(n°) = (n* — 1)/(n° + 2) 1)

¢(n") = (47N, 0d3M,,)d )

whereN, is the Avogadro numbenys is the polarizability of

the solvent molecule, anill,, is the molecular weight. Thus,
¢(n?) can be expressed through the mean volume per molecule
Experimental Section or, in case of polymers, per repeating uM,:

The properties of polymers (mostly from Aldrich) and the ¢(n2) = 4ra 3V, 3)
sample preparation were described in our previous padére

squarene dye was provided by T. L. Tarnowski (Syntex, Palo Both V;,, and the Onsager volumés (Vo = 47a%3) may be
Alto, CA), chlorin by G. Grassi (ETHZ), and the remaining regarded as unit volum¥& multiplied by constants. Denoting
compounds by Aldrich. The chemical structures of the guest all constants in eq 1 ag, one obtains for the absolute solvent
molecules are depicted in Figure 1. The samples consisted ofshift

0.1-1 mm thick polymer films doped with the dyes to the

optical density of 0.52 at the $— Sy maximum. Absorption %
spectra were recorded on a Perkin-Elmer Lambda 9 spectro-

photometer. Pressure shift studies were carried out in a simpleBecause compression of the matrix under hydrostatic pressure
cell that can be filled with gaseous He up to 200 bar. The cell influences bothy(n?) anda?, the solvent shift scales with respect
body consists of a stainless steel cylinder of 20 mm diameter, to the volume a¥~2. The pressure shift of the band maximum
housing a sample volume of:24 x 4 mne®. The samples were  at fixed temperature equals

— V= (:1\/_2 4)

max
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dv,,.JdP = —2c,(dV/dP),V 3 (5) dispersed in rare gas matrices, the spectral blue shifts have been
ma accounted for in terms of repulsive interactions that are stronger
Sincec; = (vmax — vo)V2 (€q 4) and the isothermal compress- N the excited state than in the ground sf&8uch a blue shift

ibility of the mediumfr is —(dV/dP)1V 1, one gets appears to be rarely documented for molecular sysiéis.
Among the few exceptions is the pressure induced blue shift of
AV AP = 2B1(Vinax — Vo) (6) the L, transition of benzene in liquid perfluorohexatteAs a

rule, progressive bathochromic shifts take place even at very
Strictly speaking, it follows from the above derivation that high pressures, revealing no hint to the above-mentioned blue
eq 6 applies to the pressure shift of a band maximum or a shift of repulsive origirt—"
spectral hole burned at the peak positions. Similarly, it should The difficulties of separating the attractive and repulsive
be correct for groups of molecules selected by energy using interactions become obvious from Figure 2, showing the

hole burning within the inhomogeneous spectral band: intermolecular potential energy for a pair of spherical molecules
as a function of distance. A continuous intermolecular potential
dv/dP = 26(v — vy) @) is separable into components as far as the model curves for each

_ _ ~ are defined. The magnitude of either repulsive or attractive
Alternatively, eq 7 can be deduced from microscopic energy depends on the model potentials chosen. In the excited

models213if the intermolecular potential changesra$ (asin  states of many nonpolar systems the upper minimum is deeper
the case of dispersion forces). and the attractive branch is steeper due to the higher polariz-
(2) Dependence of Pressure Shift Coefficients on Hole  ability of the excited state that in its turn enhances the London
Burning Frequency in Polar Hosts. The electric fieldE of a forces. The situation with the repulsive part is less clear.
cavity formed in a polar host matrix produces both linear and Regarding the increase of molecular polarizability in terms of
quadratic Stark effects on the impurity spectra: the volume increase of the electron cloud, one reaches the above-
mentioned conclusion about the repulsive blue shift. However,
Av = AUE cosg + ',AaE? (8) the opposite effect is also conceivable, bearing in mind the

possibility of partial electron transfer to the solvent and its
where Av is the frequency shiftAu is the dipole moment  delocalization in the excited state (the exciplex phenomenon).
difference between the ground and the excited statespaad  Thus, the repulsive branch in the upper state can be shallower
the angle betweenu andE. as well.

Because the direction of the cavity field with respect to the  The intermolecular repulsive potential has a steep distance
permanent dipole moment difference vector of the solute is dependence as'? according to Lennard-Jones approximation.
oriented randomly, no shift of the band maximum is expected At present, it is just a speculation to assume that the solvent
for the linear effect. Instead, a strong band broadening takesshift regarded as a difference between the repulsion energies in
place because on the average half of the molecules undergo ahe ground and in the excited states obeys a similar dependence.
bathochromic shift and the other half a hypsochromic®ne.  However, if we accept this, the frequency shift may be expressed

In centrosymmetric chromophore&y = 0) the linear Stark as
effect vanishes. We have proposed an empirical relationship

for the quadratic Stark sh#ftof band maxima in polar solvents V== czr‘12 or v—y,= c3\F4 9
in terms of the polarizability differencAo and the solvent

dielectric permittivity functionp(e) — ¢(n?), whereg(e) = (e wherec, andc; are the constants aiis the unit volume. The
— Dl + 2)28 pressure shift can be found as already described above:

In addition to the purely stochastic matrix cavity field, the
molecules with ground-state dipole momentg)( create a dv/dP = —4c(dV/dP),V > or  dvidP =48 (v — v,)
reaction field that is proportional and collinear with?326The (10)
interaction of this field with the vector differenceu produces
a net transition frequency shift that can be either to the blue or  In summary, the total shift of a spectral hole vs thed0origin
to the red, depending on the magnitude and mutual orientationof a free chromophore may be split into components:
of the ground- and the excited-state dipole mométittowever,
the linear Stark effect in the reaction field is of little significance AV = Avgigy T AVgiaa T Avgpet Ave,  (11)
in hole burning systems, since appreciable change in molecular ] ]
dipole moments results in such a dramatic decrease of the The corresponding shift may be expressed as follows:
Debye-Waller factor that the observation of zero-phonon holes 1 2
becomes difficulf? dv/dP = (2Avgiep + TAVstana T T3AVsiano T 4AV,e) Bt

Under pressure both the cavity and reaction field strengths (12)
scale with the sample volum&/) as'/3V. Therefore, a rather ) .
shallow dependence of pressure shift coefficients as a function_ ' herefore, the magnitudes of solvent shift components should
of hole position is expected for the systems where only the be known at least qualitatively in o_rder to understand thg
inhomogeneous electric fields produce band broadenthg; pressure effects on ;pectrql holes in general, and the shift
for the linear Stark effect arfdy for the quadratic Stark effect coefficient d(d/dP)/dv in particular.

(Table 1).

(3) Dependence of Pressure Shift Coefficients on Repulsive
Potentials. The reality of both attractive and repulsive forces (1) Solvent Shift MechanismsThe simplest way to elucidate
between the molecules follows from the very existence of the universal, nonspecific solvation mechanisms is to study the
molecular condensed matter. However, the role of electrostatic optical spectra in liquid solvents of various dielectric proper-
or exchange repulsion on impurity spectra has remained elusive ties21-23 In particular, the dependence of band maxima on
In the case of atomic solids, e.g. individual Na or Hg atoms ¢(n?) (eq 1) is perfectly linear when measured in a set of liquid

Results and Discussion
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TABLE 1: Solvent Shift, Inhomogeneous Broadening, and Pressure Shift Mechanisms of Optical Transition Energigs

interaction type microscopic shift shift of band maximurmd — vo)° (cm™)  inhomogeneous width (FWHM) d(dP/dv)/dv°
dispersive attraction ~(asAa)/r® —(6.0 x 10°Aa/My)[¢p(n?)] ~0.1(Wmax— Vo) 2B+
linear Stark effectin ~(ug — e COSy)E cosgp 0 ~(ug — e COSY)[p(€) — Pp(M?)]HA Y4Bt
the cavity field
quadratic Stark effect~Y,AaE? —[2.7 x 1CA/My][¢(€) — p(n?)] ~(Vmax— Vo) 2367
in the cavity field
linear Stark effectin ~(uq — ue COSY)E [1.26 x 10%ug(ug — pe COSY)IMW][P(€) — H(MP)] ~(Vmax — Vo) Yafr
the reaction field
repulsive forces ~exp(lt); ~r—12 ? 50-100 cn1?t 46+

2 vmax band maximumye, 0—0 energy of the free soluteys, polarizability of the solvent moleculeésa, polarizability difference between the
ground and the excited states of the solujelistance between the molecul&s;, molecular weight stands for the cubed Onsager radius, according
to ref 24;¢(n?), Lorentz-Lorenz function of the refractive index, ue, y, dipole moments of the solute in the ground and the excited states,
respectively, and the angle between th&nelectric field strengthg, the angle between the direction Bfand the vector of the dipole moment
difference;p(e) = (¢ — 1)/(e + 2), ¢, dielectric constant of the matrix in the liquid statdReference 20: Slope of the pressure shift coefficient
dP/dv vs the hole burning frequenay, B+, isothermal volume compressibilit§ Empirically, the cavity field in dipolar liquids is proportional to
[p(e) — p(n?)] V22028

0.6

polarizability of the $ state p = —988 cn1! for t-Bu-TAP,
- Figure 3), especially when accompanied with annelation of
benzo groups to the pyrrolic rings yielding phthalocyanipe (
1 = —2240 cn1).34
For free-base tetrapyrrolic pigments a peculiar hypsochromic
shift of the § (Qy) band appears in polar media, while the
second transition () undergoes a bathochromic displace-
ment!819 These effects have been ascribed to the shift of
hydrogen atoms closer to each other in a polar environment as
a result of a decrease of their mutual electrostatic repulSigh.
L Figure 3 shows that irBu-TAP all polar solvents cause a strong
deviation to the higher energies with respect to the solvato-
chromic plot ofn-alkanes. As in the case of OEP and TP
7 the molecules with quadrupolar moments (dioxane, toluene)
produce a similar effect. Interestingly, the protic media deviate
less from then-alkane line than the aprotic solvents with the
ground state . same polarity and polarizability (cf. acetonitrile and methanol,
- - - - excited state aceton and ethanol).
-X-G ] (2) Mechanisms of Inhomogeneous Broadenindlhe in-
0.6 L L . homogeneous bandwidth and the band shift have the same
1.0 1.2 1.4 1.6 1.8 origin: the matrix-induced changes in optical transition energies.
Intermolecular distance (a. u.) The correlations between the shifts of band maxima and the
Figure 2. Potential energy diagram for the interaction between a WIthS .are of |ntereszl‘?.'25 since the “ne&.lr Stark. effect in the
spherical solute and a spherical solvent molecule. The separation ofc@Vity field, the repulsive solutesolvent interactions, and the

attractive and repulsive contributions is possible as far as the model conformational flexibility of dye molecules appear strongly in
functions have been defined for both. Here power laws are applied to broadening, but weakly or not at all in band shifts.

the ground state (the Lennard-Jones potential). In the systems with  |n nonpolar solvent glasses the width of inhomogeneous site
difpe;'_sivebsolvin_t st:ifts» (<.”°t)hthe pgitednti?ItWekl)l itsl_glee_pekr and thg distribution function (IDF) is about 10% of the total solvent
attractive prancn Is steeper In the excited state, but littie IS Known apbou . . . .
the behavior of the repl?lsive interaction (see text for discussion). shift (plus a reS|du_aI value 0f100 cn?) 20 It is worth notmg_

that glasses contain about 10% of free space corresponding on
n-alkanes’~1924.25B0th vy and Aa. can be estimated from the  the average to a single vacancy amoent0 solvent molecules
intercept and slopep( further on referred to as the Bakshiev in the closest coordination layer of the solute. On the other hand,

0.4

0.2

0.0

Potential energy (a. u.)

number, Table 2) of such a plot, respectivEly? The effects in dipolar hosts the matrix fields lead to the shift and broadening
of polarity are exposed best in a solvent set with approximately of IDF of comparable magnitude (Table 2).
constantn, while the dielectric permittivitye is changed’2* Figure 4 shows the relationship between the double value of

In polycyclic aromatic hydrocarbons the dispersive red shift the half-width at half-maximum for the long-wavelength slope
largely prevails, the Bakshiev number being in the range of of the band (2HWHM) and the absolute solvent shift of the
—1000 to—2000,—4000 to—5000, and-6000 to—9000 cnt?! band maximum for different chromophores in the PMMA matrix
for Ly (), La (p), and!By(B) types of transitions, respec- (see also Table 2). The approximate linear dependencies for
tively.24 In highly polar liquids an additional small (about 10% the widths of IDF in 1,3-dimethylcyclohexane and propylene
of the dispersive shift) bathochromic displacement appears duecarbonate glass&sare depicted for comparison. In PMMA the
to the quadratic Stark effect in the cavity fielt?8 bands are even broader than in a very polar solvent glass,

In free-base porphyrins the dispersive shift of the first propylene carbonate. Separately, it was established that the width
absorption band is smallp = —128,—336, —639, and—659 of IDF and the bandwidth are similar (within 10%), if the linear
cmt for octaethylporphine (OEP), porphine, tetraphenylpor- electron-phonon coupling is weak (the Deby&Valler factor
phine (TPP), and chlorin, respectively (Table'®}2:34 The is larger than 0.5), so the value of 2HWHM is used instead of
substitution of the methine group (CH) at the meso position to IDF. For relatively rigid structures (OEP, chlorin, 3,4-benzopy-
nitrogen atoms greatly enhances both the oscillator strength andene (3,4-BP), 9,10-dichloroanthracene (9,10-CIA)) a roughly
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TABLE 2: Spectroscopic Characteristics of Dopant Molecules in PMMA Host Matrix at 6 K

dopant v (cm™Y) refo Vmax — vo© (CM™2) 2HWHM? (cm™?) (dv/dP)ma (GHz/bar)  —p'(cm™)

octaethylporphine 16 056 5 (s) 19 182 160 0.055 128 19

tetraphenylporphine 15617 (j) 33 —38 276 —0.118 639+ 40
15613+ 9 (s) 18,19

t-Bu-TAP 16 3264 9 (s) 34 —87 328 —0.260 988+ 39

chlorin 15912 (j) 35 -97 230 -0.121 659+ 20
15857+ 5 (s) 19

t-Bu-Pc 14 828+ 34 (s) 19 —387 374 —0.503 1918+ 138

t-Bu-Pc/PEId —492 192 —0.45

3,4-benzopyrene 25 265 (j) 36 —453 246 —0.235 1567 60
25202+ 15(s) 17

Pc/PEId 15132 (j) 37 —687 92 —0.451 2240+ 59
15022+ 14 (s) 34

squarene dye 16 358 20 (s) g —721 354 —0.325 2617 84

9,10-dichloroanthracene 25 950 (j) 38 —1328 362 —0.855 4175

aTransition frequency of free dopant measured in supersonic jet (j) or estimated from the solvent shifts at room temperaBanar¢s)ofvo.
¢ Band maximum in PMMA relative to the vacuum frequentiouble value of the half-width at half-maximum of the red side of the band, error
+10 cntl. ¢ Pressure shift coefficient of the hole burned at the band maximBiakhshiev number (slope of eq 1 in liquidalkanes), this work
and from refs 17, 19, 24, and 3%This work." In low-density polyethylened.Measured in fluorescencefFor anthracene, ref 24.

T
n-alkanes

°
— 1
< 16200 2M O B nonpolar-C 7
S 28 6 O polar "
o O o P
e 7 ¥ protic
< c ]
> 16100 - & -
e ]
o}
£
= 16000 - o .
£ -Bu-TAP in liquids
= 7=293 K hm
& 15900 Lo ' : -
0.15 0.20 0.25 0.30 0.35

("*-1)/(N°+2)

Figure 3. Dependence of theBu-TAP absorption maxima at room
temperature on the Lorentz.orenz function of the solvennfalkanes
(®) from pentane (€) to hexadecane (%)), nonpolar solvents other
thann-alkanes M) (a, GFis; b, 2,3,4-trimethylpentane; c, dioxane; d,
CCly; e, 1,3-dimethyladamantane; f, toluene; g, hexachlorobutadiene;
h, CS), polar solvents@) (1, CH;CN; 2, (GHs)20; 3, (CH;).CO; 4,
CH;COOCH; 5, CHNOy; 6, propylene carbonate; 7, dimethylform-
amide; 8, CHCH,CH,Br; 9, cyclopentanone; 1¢,-butyrolactone; 11,
epichlorhydrin; 12, CHCICH,CI; 13, CCECOOGHs; 14, (CH;).SO;
15, furfural; 16, GHsNO,), protic solvents £) (o, CH;OH; 5, HO/
CH3OH (25% (v/Vv)); y, H:O/CHOH (33% (v/Vv)); 9, C:HsOH; e,
N-methylformamide;p, formamide). The line is a linear regression
for n-alkanes with intercept 16 326 9 cnm® and slope—988 + 39
cm L.

linear dependence between 2HWHM afvdmax holds:

[2HWHM] = (196 12) — (0.1264 0.016)Av, .
N=4,r=0.983 (13)

whereN is the number of data points amds the correlation
coefficient.

A distinctive feature of eq 13 is the intercept as large as 196
cm~1in PMMA. Such residual broadening of about 100¢m
occurs even in nonpolar aliphatic hydrocarbon glassesxfor
(lLp) type transitions of arenes (pyrefft)and porphyrins
(octaethylporphine, chlorin) that are accompanied with very
small polarizability changes and dispersive solvent shifts. We

400 T T T
N 9,10-CIA squarene  @tBu-Pc
I ®
i AN +Bu-TAP®
'.-E 300 Fin PMMA N

S T=6 K

Z 200}

g linear fit - N N
| -~ -~ polar glass e OEP
-------- nonpolar glass BN

100 - w
-1500 -1000 -500 ¢]
. 1
Solvent shift Av__ (cm )

max

Figure 4. Dependence of inhomogeneous bandwidth on the vacuum-
to-matrix shift of the absorption maximum in PMMA host matrix at 6

K. For relatively rigid structures (OEP, chlorin, 3,4-BP, 9,10-CIA) a
linear correlation is obtained (eq 13). The lines represent the inhomo-
geneous broadening due to the dispersive interaction in glassy nonpolar
1,3-dimethylcyclohexane and both the dispersive and quadratic Stark
effects in highly polar propylene carbonate, respectively.

There is little doubt that an additional reason for broadening
can be the distortion of the molecular backbone, e.g. in the
squarene dye, or flexible phenyl substituents in the meso position
of tetraphenylporphine. The bulkgrt-butyl substitution in the
periphery of TAP and phthalocyanine (Pc) seems to cause
significant disorder, since even in nonpolar polyethylene host
matrix, the 2HWHM oft-Bu-TAP (155 cml) andt-Bu-Pc (192
cm™1) is much larger than that of chlorin (84 cf) or Pc (92
cmY) (Table 2). By contrast, in (quadru)polar polystyrene the
influence of substituents is much less pronounced, with the
2HWHM at 6 K for a pair of solutes TAR/Bu-TAP equal to
254/266 cm! and for Pd-Bu-Pc to 264/294 cm'. The
broadening in PS is probably induced by strong polar solvation
effects in the central part of the macrocycle (see the previous
section).

The mechanisms of inhomogeneous broadening can be rather
complex and should be taken into account properly when
treating the pressure shifts of holes burned within the bands.

(3) Pressure Shifts on Holes in PMMA Doped with

assume that either repulsive forces or bond dipole interactionsDifferent Dyes. The measurements were carried out in films

should be responsible for this large additional inhomogeneity.

cast of commercial Plexiglass, an amorphous high-molecular
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8 610 615 620 625 Q
N
Wavelength (nm) T ool |
Figure 5. Low-temperature absorption spectrum and the pressure shift g
coefficients as a function of the burning wavelength of spectral holes q_ 04k abs. PMP
for octaethylporphine doped in PMMA (d). The broadening and shift 3 ’ abs. PMMA
of holes after the pressure is released is illustrated in parelsidote | O P shift PMP
that the pressure shift changes sign at 618 nm, where only broadening .. -0.6} . 1
takes place (b). The-80 origin in nonsolvated OEP is indicated by an g ® P shift PMMA
arrow. o -osf
v T T T E v,=612.5 nm
%\ 0.0 ‘V -395.8 nm abs. 3,4'BP h 6 1.0 ‘ ! ' 1 L1
3 0.2} 304-BP. abs. 9,10-CIA ] c 610 615 620 625 630 635
I ’ O P shift 3,4-BP Wavelength (nm)
g -04 ® P shift 9,10-ClAq Figure 8. Low-temperature absorption spectra and the pressure shift
[ coefficients as a function of burning wavelength of spectral holes of
RS} -0.6 t-Bu-TAP doped in PMMA and poly(4-methyl-1-pentene). The®
5 0.8 origin in nonsolvated-Bu-TAP is indicated by an arrow.
g 1.0 (dv/dP) . = (—0.101+ 0.053)+ (5.26+ 0.89) x
O ,,[ Arenesin PMMA 1 10 Av,e N=9,r =0.913 (14)
€ | T=6K
S -1.395 4(‘)0 4(’)5 41’0 s The slope (5.26+ 0.89) x 1074 GHz bar® cm or 1.8 x
c

Wavelength (nm)

Figure 6. Low-temperature absorption spectra and the pressure shift
coefficients as a function of the burning wavelength of spectral holes
for 3,4-benzopyrene and 9,10-dichloroanthracene doped in PMMA. The
0—0 origin of 3,4-BP in a cold molecular beam at 395.8 nm is indicated
by an arrow3® the vy of 9,10-CIA lies far outside the wavelength range
(385.4 nm?8).

weight PMMA. Most of the compounds lacking the intrinsic
photochemistry are subject to hole burning in highly polar
PMMA, although with low yield and dispersive photoconversion

kinetics. The holes burned under He gas pressure of 200 bar

shift and broaden if the pressure is released (Figure 5). The
hole shift is a perfectly linear function afP. A well-known
dependence of the pressure shift coefficientd®) on wave-
length (the so-called color efféét9) is observed (Figures-3).

The pressure shift coefficienv@P measured at the absorp-

tion maximum depends linearly on the absolute vacuum-to-
matrix frequency shifiAvmnax (Figure 9):

1075 bar! is quite close to double compressibility32 of
PMMA equal to 2.6x 107° bar1,1! in accordance with the
dispersive solvent shift mechanism (eq 6).

For most of the dopants both the pressure and solvent shifts
are bathochromic, except for OEP. Another simple porphyrin,
tetraphenylporphine, shows a blue shift of holes burned on the
short-wavelength edge of the band (Figure 7). At a certain
position the hole shows only broadening but no shift (Figure
5). For the remaining compounds the position wheré rehift
is expectedifpp)) can be established by extrapolation. In Table
3 the no-shift frequencies are compared with thé@Q@ransition
energies of nonsolvated dyes, obtained from free jet experi-
ment$3:35-38 or solvatochromic measurements at room temper-
ature!”1934Concerning the differenceyp) — vo, the data fall
into two groups: in tetrapyrroles thgep) is blue-shifted with
respect taro, whereas a large negative deviation occurs for the
other chromophores (3,4-BP, 9,10-CIA, and squarene dye). In
the dopants other than tetrapyrrolgg, is located approximately
a halfway betweem and the band maximum.

The slopes of the linear plots of pressure shift coefficients
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TABLE 3: Frequency Dependence of Pressure Shift Coefficients of Spectral Holes in the PMMA Host Matrix at 6 K

dopant vop® (cm™) Vo) — vo® (cm™) d(dv/dP)/dv° (10-5bar) Nd re data interval (nm)
chlorin 15992+ 17 80+ 17 2.25+0.17 5 0.992 636638
t-Bu-TAP 16 588+ 29 262+ 29 2.424+0.17 5 0.991 6135623
squarene dye 16 004 17 —357+ 17 2.96+ 0.12 8 0.995 634648
t-Bu-Pc 14 926+ 78 98+ 78 3.1+ 0.5 6 0.953 687700
octaethylporphine 16 18t 2 125+ 2 3.37+£0.08 10 0.9975 614621
tetraphenylporphine 15694 2 77+ 2 3.59+ 0.05 5 0.9997 636648
3,4-benzopyrene 24980 35 —276+ 35 4.05+ 0.6 7 0.952 402405.5
9,10-dichloroanthracene 25 27546 —675+ 46 5.9+ 0.5 6 0.987 402407

a Frequency at which spectral hole shows no pressure 8hifttransition frequency of free dopant (see Table*Blope of the linear dependence
of the pressure shift coefficients/diP vs hole burning frequency. ¢ Number of data points: Linear regression coefficient.

T L ' " free-base tetrapyrroles. Such a high sensitivity ofdB with
in PMMA, T=6 K OEPe®’. respect to the hole position within the inhomogeneous band is
unexpected, bearing in mind that the matrix shift mechanisms
other than attractive London forces lead to the slopes much less
than Pt (Table 1).

We are inclined to think that the repulsive interactions can
be responsible for the slopes steeper thén Dbviously both
the attractive and repulsive interactions are subject to statistical
linear fit, spread in the disordered environment. Particularly strong
frequency dependence is expected if both types of forces are
correlated (eq 10). Some degree of correlation is definitely
"""" 2p.=2.6x1 9'5 bar” realized, since the guest molecules surrounded by a tight solvent

1.0 SAR ' ;
o 1000 500 0 cage are subject to both strong London and exchange forces.

: -1 4) Pressure Shifts on Holes in Polymers Doped witiiBu-
lvent shift Av__ (cm ( . ; L
Solve max( ) TAP. The availability of isothermal compressibilities (bulk
Figure 9. Pressure shift coefficients of spectral holes burned at the moduli) for a number of polymers at 4.2'Kenables one to
absorption band maxima as a function of solvent shift for solutes doped test the expressions describing the inhomogeneous pressure

in PMMA (Pc/PEld—phthalocyanine in polyethylene) (Table 2). The effects (eqs 7, 10, and 12, Table 1). The pressure shift

line h | f th | ibili f PMMA . . . . : . .
g?ﬁe}g.llne as a slope of the double compressibilifyr|2 coefficients display a linear relationship with hole burning

frequency (Figure 8). The respective slopes are very close to

00

Squarene @

(GHz/bar)
°

- @ -Bu-Pc .

max
©
[63]
T

slope 1.8x10° bar”

(av/dP)

T T T 24+ for isotropic polymers (Table 4, Figure 11):
0.0+ in PMMA, T=6 K .
d(dv/dP)/dv = (—1.32+ 0.22) x 10>+
= éc Y OEP . = =
g '_'.-o o TP (1.37£0.07)[25;]; N=5,r=0.9964 (15)
N-os5F O Chlorin _ _ _
o) + +Bu-TAP By contrast, optically turbid plastics, such as polyethylene,
E’ A 34-BP Nylon 6, and poly(oxymethylene) have the experimental slope
o A squarene values larger than/®. These light scattering polymers consist
% -1.0 O tBu-Pc A of amorphous and crystalline domains with different optical and
® 9,10-CIA mechanical properties. The optical probe molecules reside in
, L 2By the glassy regions of the matrix that have evidently higher
-1500 -1000 -500 0 500 compressibility than the average value for a mixture of
Solvent shift Av (cm™) amorphous and crystalline domains.

Figure 10. Pressure shift coefficients of spectral holes burned over ~ Despite the nice agreement between the slopes and the bulk
the inhomogeneous bands of chromophores in PMMA host matrix compressibilities, the zero-shift frequencies deviate considerably
plotted as a function of absolute solvent shifts. The linear regression from the purely electronic origin of-Bu-TAP in a vacuum
lines have steeper slopes (Table 3) than the double compressibility of(16 326 cntl). The differencesoe) — vo are the smallest for
PMMA at 4 K (dotted line). nonpolar polyolefins (65 crt in PEId and 99 cm! in PMP)

vs the hole burning frequency are given in Table 3 and illustrated and increase with growing polarity of the polymer, e.g. 204
in Figure 10. In several systems the deviating points corre- cm™1 for PVB and 287 cm? for PMMA. A large hypsochromic
sponding to the edges of the band have been excluded from theshift of band maxima is obvious also in polar liquid solvents
linear regression ofwddP vs v. Fort-Bu-TAP the slope of the (Figure 3) (see above). Moreover, the polarity of the matrix
dependence under discussion (d¢P)/dv = 2.42 x 1075 bar™) leads to a pronounced broadening of spectral bands from 155
is very close to the double value of isothermal compressibility cm™ in PEId to 328 cm! in PMMA. Since the field effects

of bulk PMMA at 4 K (281 = 2.6 x 107% bar 1)1 (Table 4), in yield the slope values that are considerably smaller than 2
accordance with the dispersive solvent shift mechanism (eq 7).(eq 12, Table 1), it is evident that in the present case the
However, the change of pressure coefficient for the remaining “correct” value is obtained as a consequence of compensation
chromophores (except for chlorin) over the inhomogeneous bandphenomena. In other words, the interaction producing a depen-
is remarkably larger. The steepness of this dependence is alsalence of a/dP on v steeper than/Z should be present also in
the reason fowgp) being smaller thamg in solutes other than polymer hosts other than PMMA.
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TABLE 4: Frequency Dependence of the Pressure Shift Coefficients of Spectral Holes trBu-TAP in Polymer Host Matrices at

6 K
band properties characteristics of pressure shift
Vmax — Vob 2HWHM¢ (d’l//dp)maxd VYop) — Vo© d(d‘l//dP)/de 2[31'9 data
host (cm™h (cm™) (GHz/bar) (cm™h) (10°%bar?) (10°barl N" ri interval (nm)
Nylon 11 —-173 258 —0.238 226+ 42 1.94+0.19 2.41 7 0.977 615-%624.5
Nylon 6 —178 276 —0.245 190+ 23 2.19+ 0.13 2.06 6 0.993 614-5624.5
PVB —136 262 —0.244 204+ 25 2.35+£0.15 7 0.989 61456235
PVC —142 259 —0.277 2444+ 20 2.38+ 0.11 2.74 5 0.997 616622
PMMA —-87 328 —0.263 287+ 27 2.42+0.17 2.60 6 0.991 6135623
polyoxymethylene -118 290 -0.207 1504 8 2.564+ 0.07 1.59 8 0.998 613:%624.3
Teflon AF —28 240 —0.195 1494+ 21 3.51+ 0.30 8 0.978 6125619.5
polystyrene -182 261 —-0.39 183+ 22 3.54+ 0.2 3.57 6 0.994 615:5625.5
PEId —190 155 —-0.279 65+ 10 3.62+0.15 2.82 9 0.994 615623
PEId/Chl -177 84 -0.173 —45+ 4 4.3840.12 6 0.9986 633638
PEIld/P¢& —687 92 —0.451 —3454 22 4.36+ 0.27 4 0.996 691694
PEIldt-Bu-Pé —492 192 —0.450 383+ 169 1.414+0.29 7 0.91 692698
PMP —154 196 —0.380 99+ 13 4,94+ 0.2 4.55 8 0.995 616:5623.5

aPVB, poly(vinylbutyralco-vinyl alcohol-co-vinyl acetate); PVC, poly(vinyl chloride); PMMA, poly(methyl methacrylate); PEId, low-density
polyethylene; PMP, poly(4-methyl-1-pentenefbsorption maximum relative to the-@ origin in freet-Bu-TAP (vo = 16 326 cn?), error £5
cmL. ¢ Double value of the half-width at half-maximum of the red side of the band, 2HWHM, grt@renT?. @ Pressure shift coefficient of the
hole burned at the band maximuffrequency at which no pressure shift occurs (relative to th@ @rigin in freet-BuTAP). f Slope of the linear
dependence of the pressure shift coefficient vs the hole burning frequeDowuble value of isothermal compressibility of bulk polymers from ref
11."Number of data points (holes)Linear regression coefficientDopants other thatBu-TAP.

—~ 5 — . :
s . PMP
8 t-Bu-TAP in polymers
w 4L T=6K 1
o

= o Polystyrene

> PEld ysty

< 3 ]
o 3f

> P%M

Q. PMMA @, . _

A Nylon 60 PVC ® isotropic

€ 2f O crystalline ]
- | Nylon 11 i o

o | —— linear fi

q) b

o 1 L 1 I

9 1 2 3 4 5
w

28, (10° bar’)

Figure 11. Slopes of the linear plots of pressure shift coefficients vs
the hole burning frequency far-Bu-TAP compared to the double
compressibility of polymerstad K (Table 4).

dP/dv on hole burning wavenumber is expected for the
dispersive interaction, since both the matrix polarizability and
the Onsager radius change when pressure is applied. In
accordance with the results obtained eadifet? the slope of

the linear relationship between/dP and Av must be equal to
2f3t. The cavity and reaction fields yield a smaledependence,
since the local electric field strength scales as one-third of the
matrix compressibilitySr.

In contrast to the predictions, the sensitivity Bf shift
coefficients with respect to the burning wavelength is frequently
higher than Br. The most probable cause of such a deviation
stems from the repulsive forces between the molecules. An
alternative, but definitely less universal, reason may be the
reaction fields created by quadrupolar moments or the bond
dipoles.

The determination of ©0 origins of nonsolvated molecules
as well as the matrix compressibilities on the basis of hole
burning experiments is conceivable provided the gubest

Therefore, the dependence of the pressure shift coefficientinteractions are well-understood in both the ground and the
on the absolute solvent shift is governed by a superposition of €xcited states. Thgr is best estimated by using spectral holes
several intermolecular interaction mechanisms: the attractive at the band maxima of several impurities with different solvent

dispersion forces that yield the slope @f2the repulsive branch
that is responsible for a steep3(@ slope, and the Stark effects

shifts rather than from a set of holes created over an inhomo-
geneous band of a single probe molecule. Unfortunately, the

in the cavity field giving rise to strong inhomogeneous broaden- free-base porphyrins that are favorable because of their intrinsic

ing and shallow slopes less thgh.

Conclusions

photochemistry possess a complex solvatochromic behavior.
The simultaneous consideration of pressure and electric field

effect$® on spectral holes will undoubtedly help to specify the

types of intermolecular interactions involved. Room temperature

The pressure-induced shifts of spectral holes burned in the J) /' (pie < dios in liquids of variable polarity and polar-

0—0 bands of a number of chromophores doped in polymer ;" = . S .
host matrices were investigated. Fairly large sets of polymers !Zab'“ty can yield also very helpful insight into the forces

with known low-temperature compressibilittéand dyes with influencing the solute spectra in condensed pase.

widely different vacuum-to-solid shifts were chosen for mea-
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