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Optical absorption spectra were measured in liquid solutions at ambient temperature for comparatively nonpolar
chromophores: polymethine dyes, polycyclic hydrocarbons, and tetrapyrrolic compounds. The analysis of
solvent shifts of band maxima as a function of polarity, polarizability, and hydrogen bonding properties of
the medium allows one to distinguish several solvent shift mechanisms. Solvent polarizability dependent red
shifts are assigned to dispersive interaction. Hypsochromism in the spectra of open chain cyanine dyes and
stetrazine in polar media may be understood in terms of a multipolar reaction field. Blue shifts of the visible
bands of anionic dyes, resorufin, and resazurin occur in alcohols due to the hydrogen bonding with the solvent.
Both the polar solvation and the H-bonding with water in the center of tetrapyrrolic macrocycle is responsible
for the blue shifts of the S-S band in porphyrins. Inhomogeneous bandwidths were measured in ethanol
glass at 6 K. The reason of inhomogeneous broadening is the spread of microscopic solvent shifts in the
disordered matrix that can have the same mechanisms as the macroscopic shifts of band maxima. Alternatively,
other broadening mechanisms such as the linear Stark effect in the solvent cavity field do not shift the spectral

band as a whole. Further, spectral holes were burned in the inhomogeneget$Sabsorption bands in
glassy ethanol and the pressure shift coefficients of the hol&tdvere determined using gaseous He as
pressure transmittervtlP shows a linear dependence on hole burning wavenumber that can be extrapolated
to the frequencyoe) where pressure shift disappears. Thg) values deviate significantly from the actual

0—0 origins of nonsolvated chromophores. The slope of the dependene&iBfah hole frequency generally
differs from the value of 21 (Bt is the isothermal compressibility of the matrix), predicted for the dispersive
solvent shift. The slopes steeper thghr 2vere assigned to short-range repulsive forces. The long-range
electrostatic interactions must lead to the slope values lessfthan

Introduction Such deviations are by no means surprising, since several solvent
h | hromi ; . dsi ditionall shift mechanisms can operate simultaneously, each with different
The solvatochromism of organic compounds is traditionally  gisiance dependence between the solute and solvent molecules.

investigated in liquid solvents with different dielectric and As already mentioned in our previous padethe pressure
chemical propertiesThe pressure studies on broad band spectra y . P us p P .
in liquids are less common since optical cells capable of holding effects on spe.ctral holes rise the question apout the _mechanllsms
pressure of at least several kbar are requirédBy contrast, in .Of spegtral s(;l]fts prodduced Zy the SL;]rroundllng matrgc dBearmg
low-temperature solids the relatively small pressure of He gas |fn mind t de h|star|1ce ependence, t.e repqllslg)/e ? . |sperr13|(\j/e
from a bottle <200 bar) can produce shift and broadening of orces and the electrostatic interactions will be distinguishe
spectral holes that are conveniently measurable by tunable2MoNY the_ mterr_nole_cular_mteractlons. The last ones are assumed
to be negligible in aliphatic hydrocarbons, and increasing along

lasers: The behavior of resonant holes burned over the with the dielectric permittivity €) of the liquid. Here we use
inhomogeneous band depends on frequén&Usually a linear the liquid-phase studies in solvent sets with gradually varying

relationship between the press hift coefficient d/dP and . AT . .
the burning energy holds‘,)and Ltjff?afransition frequency at which polar|t|e§ andng?rlzablllt!es in order to speufy the salvent shift
the P shift vanishespr)) may be found by extrapolation. It mechamsméu The .Sh'ﬁ.s of band maxima nalkanes are
follows from simple model considerations, both microscop applied for the determination of vacuum frequencies of guest
or macroscopié! that voe) can give the 60 frequency of a molecule€>27 The influence of solvent shift mechanisms on
nonsolvated chromophong, whereas the slope of the plot is inhomogeneous bandwidth W'I! be discussed.
equal to 2-fold isothermal compressibility of the medin The low temperature properties of solvent glasses are poorly

Recently, these predictions have been verified for a number KnOWn. Therefore, a single matrix, the ethanol (EtOH) glass

of polymers with known low-temperature compressibilities using as utilized for hole burning studies. In EtOH many compounds

tetratert-butylporphyrazine ttBu-TAP) as a probé! Several are well soluble and show little ionic association or aggregation.
n-electronic chromophores with available vacuum frequencies 1h€ Protic nature of the host provides a hole burning mechanism

were measured in a single matrix, poly(methyl methacrylate). ©Wing to photoinduced rearrangements in the hydrogen bonding
As a rule, poor correspondence betwegandvog as well as network. The main objective .of this paper is to understand the
slopes that can be considerably larger thAn\®ere observed.  requency dependence of tRenduced shifts of spectral holes.
The plots of d/dP vs v are in most cases perfectly linear with
i 5 5 1
*Permanent Address: Institute of Physics, University of Tartu, Riia 142, slopes ranging from 1.5 10710 6 x 107> bar in EtOH.
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Figure 1. Chemical structures of guest molecules.

Experimental Section Optical Spectroscopy of Solutions: Model Considerations.
Solvatochromic studies of organic molecules have been dealing
The solvents of highest commercial purity were purchased predominantly with absorption maxima in liquid solutions at
from Aldrich or Fluka and used as received. The squarene dye ambient conditiond.The method of seeding free large chro-
was provided by T. L. Tarnowski (Syntex, Palo Alto, CA), mophores in cold supersonic jés3* the studies of frozen
chlorin andiso-bacteriochlorin by G. Grassi (ETH Zigh), and solutions by means of spectral hole bur@h@nd single
the benzdflfluoranthene derivatives by A. Mier (ETH Ztrich). molecule spectroscopi€sas well as the progress in compu-
Cryptocyanine, 1,13,3,3,3-hexamethylindodicarbocyanine io-  tational chemistry?-3 all stimulate us to take a more detailed
dide (HIDCI), rhodamines 101 and 700, and oxazine 1 were approach to the solvent shift problem. Ultimately, one can ask
obtained from Lambda Physik, the anionic oxonol dye from how the spectrum of an individual molecule changes when
the Institute of Dyes (NIIOPIK, Moscow) and the remaining transferred into a matrix of certain chemical composition and
compounds from Aldrichs-Tetrazine was prepared according structure and subject to a specified temperature, pressure,
to ref 29. The chemical structures of guest molecules are external electric field, etc.
depicted in Figure 1. The universal, nonspecific interactions may be divided at large
Absorption spectra were recorded on a Perkin-Elmer Lambdainto three parts according to their distance dependence: the
9 spectrophotometer using the-10 mm cells for solutions at  repulsive interactions, the dispersive interactions, and the
room temperature and G2 mm cells for low-temperature  phenomena connected with internal fields. The relevance of each
glasses. The hole burning samples were placed irD.Hm mechanism with respect to the pressure-induced hole shifts is
thick open containers made of thin polyethylene film. Pressure shortly described below.
shift studies up to 200 bar of He gas pressure were carried out 1. Repulsie Interactions The simplest interatomic or inter-
in an optical cell with two 2 mm thick sapphire windows of 4 molecular model potential, the Lennard-Jones formula gives the
mm in diameter. The cell body consists of a stainless steel distance dependencies® andr~12for attractive and repulsive
cylinder of 20 mm in diameter housing a sample volume of 2 energies, respectively. The spectral blue shifts in atomic solids,
x 4 x 4 mn?. The sample was cooled as fast as possible by e g., individual Na or Hg atoms dispersed in rare gas matrixes
plunging into liquid N and loaded in a precooled CF1204 have been assigned to the repulsive interactions that are stronger
continuous flow cryostat (Oxford). The maximum He gas in the excited state than in the ground sft@he increase of
pressure about 200 bar was applied, the system was let topolarizability of the excited chromophored), if regarded in
thermalize during 5 min, and the hole burning was performed terms of an expansion of molecular volume would produce an
between 5 and 8 K. Then the gas bottle valve was closed andenergy upshift® Although in aromatic compounds the can
the influence of pressure change was followed by releasing thebe much larger than the ground-state polarizability) 23 the
He gas step by step. pressure induced hypsochromism is rarely observed, e.g., for
Holes were burned with the aid of a Lambda Physik dye laser the IL;, transition of benzene and chlorobenzene in liquid
LPD 3002E pumped with an excimer laser LPX 100. Relatively perfluoron-hexane®
deep holes broadened by the light dose were created at 3 to 5 On the other hand, progressive bathochromic shifts take place
positions over the band for a single pressure run. Holes wereat very high pressures, revealing no hint to the above-mentioned
explored in a two-channel setup using Molectron JD2000 blue shift of repulsive origirt:#1 According to Bakshiev formula
Joulemeter Ratiometer as described previoésiyhe wave- (see below, eq 4% both the LorentzLorenz equationp(n?)
lengths 4) were converted to wavenumber unitsi(lih cm™1) and the Onsager volume depend on matrix compression.
as measured, without correction for the refractive index of the Therefore, the linearity of a plot of pressure shift vs the squared
air. relative density of the matrix is expected. Such dependencies
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have been built, e.g., for anthracene absorption in PMMA (ref 3. Internal Electric Field EffectsGeneral theory of shifts
4, Figure 8) or emission in biphenyl, naphthalen,e gnd and broadening of electronic spectra of polar solutes in polar
terphenyl crystals (ref 41, Figure 6) at room temperature and media have been developed by R. Marcus, who presented also
pressures up to 40 kbar. These plots are slightly curved an analysis of earlier work. In an ideal case, the electric field
downward demonstrating that either repulsive interactions can E of a cavity formed in a polar host matrix is treated as
cause a red shift or additional bathochromic mechanisms existhomogeneus but, of course, of fluctuating magnitude and
at high compressions due to partial sotugelvent electron direction. It can produce both linear and quadratic Stark effects
transfer or electron delocalization in the excited state (the on impurity spectra:
exciplex phenomenorf}.

Let us assume that the solvent shift defined as a difference (6)
between the repulsion energies in the ground and the excited
states obeys a similar dependence as the intermolecular repulsivévhereAu is the dipole moment difference between the ground

Av = AuEcosg + 1/2AaE?

potential in the ground state; 12 Then the pressure shift can
be expressed in terms of isothermal compressibility of the
mediumgr (Br=—(dV/dP)7V~1) and the solvent shiftfe,—vo)

agt

dVre;JdP = 4ﬁT(vrep_ Vo) (1)

2. Dispersie Interaction Large red shifts of the optical bands

and the excited state ang is the angle betweeAu andE.
Because the vectorsu andE are oriented randomly, no shift
of the band maximum is expected for the linear effect in the
cavity field.

Another field is formed if the solute molecule has a dipole
moment in the ground stated). Energetically more favorable
mutual orientations of the guest and host molecules gain more
statistical weight producing an average reaction field that is

of nonpolar solutes in nonpolar solvents are ascribed to the cOllinear withg. The interaction of this field with the vector
attractive London forces. Longuet-Higgins and Pople deduced differenceAu leads to a net transition frequency shift that can

an approximate microscopic formula for this shift using
perturbation theory?

Avyep= 160zt *(1/4vya,+ f?) )
where o5 is the solvent polarizabilityz is the number of
surrounding solvent molecules placed at an average distance
Vo IS the transition energy of free solute, ainid the oscillator
strength. Instead ais, z, andr, the refractive indexn() function
of the bulk solvents(n?) can be used, according to the Lorentz
Lorenz equatiorf?

¢(n) = (n*— 1)/(n°+ 2) 3)
We have demonstrated that the shifts of optical transitions of
very different intensities in tetrapyrrolic pigments dissolved in
liquid n-alkanes cannot be well described with experimentally
easily accessibley andf.26
The Bakhshiev equation that uses the polarizability difference

between the ground and the excited state has proved mor
successfufz-27

AVdisp =7 + p¢(n2)
p=—3II"(ae— a)/[2(1 +1)r] (4)

wherel and|' are the ionization energies of the solute and
solvent molecules andis the Onsager cavity radius.

be both to the blue or to the red, depending on the magnitude
and mutual orientation of the ground and the excited-state dipole
moments fe):%?

AVgaa= Hglitg— 1LOSY)B(E) — pMAI®  (7)
wherey is the angle betweeng andue, ¢(€) = (¢ — 1)/(e +
2), ande is dielectric constant. Equation 7 is valid in fluids
where the dipoles are free to move.

It follows from eq 7 that the pressure shift in liquids 812
times of the solvent shift, since boti{e) — ¢(n?) andr—2 are
inversely proportional to the volume. By contrast, in the solid
phase the static field scales proportionally with linear compress-
ibility of the matrix ar (ar = 1/3687). Therefore, for theP
induced shift of spectral holes, one obtains:

Wsiand AP = L3B+(Vsiaa— Vo) 8)

In centrosymmetric chromophores the linear Stark effect
vanishes fu = 0). For the quadratic Stark shift,empirical

&elationships have been found with the polarizability difference

of the chromophoréa and the dielectric permittivity function

of the solventp(e) — ¢(n?).2* However, it has been noticed that
very intenses (or 1By) transitions in polycyclic hydrocarbons
shift weakly between a nonpolar and a polar solvent of similar
refractive index despite theAa values as large as 35343

This rises a question whether the quadratic Stark effect in the
solvent cavity field is real. As an alternative explanation, a
theory of solute quadrupole-solvent dipole interactions has been

Concerning the bandwidths at low temperatures, it has beenadvanced® A solvent shift equation similar to eq 7 was

estimated that the width of the inhomogeneous site distribution
function (IDF) is about 10% of the dispersive solvent shift (plus
a residual value of+100 cnt?) in solvent glasse® This is

undoubtedly related to the fact that glasses contain approxi-

obtained:

AVguad™ Qy(Qg — Qole(e) — ¢(n2)]/r5 9

mately 10% of free space that corresponds on the average to gyhereQ, and Qe are the quadrupole moments of the solute in

single vacancy among-10 solvent molecules in the closest
coordination layer of the solute.

Since the LorentzLorenz function and 3 both increase
upon compression of the matrix, the pressure shift of spectral

the ground and the excited state, respectively. The distance
dependence akvquadriis stronger than that for dipolar reaction

field (eq 7). Perhaps the matrix compression effect on hole shift
in a frozen glass would be stronger too, at least by a factor of

holes may be expressed in terms of isothermal compressibility -2 resulting in an increase of the pressure sensitivity fronf4/3

of the mediumpr:?*

dVdisp/ dP = ZﬂT(Vdisp_ Vo) )

(linear Stark effect, eq 8) t@r.
The bandwidths remain broad at low temperatures, since the
fluctuating internal fields are rendered static upon solidification
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of the glass. Approximately, the Stark shifts and the width of TABLE 1: Properties of the Solvents at 293 K
IDF are of comparable magnitude in polar systems, e.g., 500 gymno solvent N M e Hedm®) B E
cmt for 9-cyanoanthracene in propylene carbonate gfss. Nonpolar Solvents Other ThamAlkanes
Although the local electric field phenomena are still disputable

A ) ) a  perfluorop-octane 1.3000 0.187
topics, it is evident that for not very polar chromophores (nota b  dioxane 1.4220 0.254 2.27 0.039 237 4.2
charge-transfer transition) the fields produce a relatively small ¢ carbon tetrachloride 1.4600 0.2739 2.30 0.028 (0) (0)
displacement of band maxima and a weak frequency dependence ¢ foluene e e e %
of pressure shift csoefflments (less thgy) but much inhomo- f  hexachlorobutadiene 1.5550 0.321 259  0.025
geneity of spectré&? _ _ _ g carbondisulfide  1.6270 0.3544 2.64 0.00 (0)
Therefore, following the arguments of thls_ section the total Less Polard < 30) Aprotic Solvents
shift of a zero-phonon h'ol'e from thg—@ origin of a free 1 diethyl ether 1.3526 0.2166 4.42 0.316 280 (0)
chromophore may be split into following components: 2 acetone 1.3588 0.220 21.36 0.652 224 2.1
3 methyl acetate 1.3593 0.2203 6.94 0.444 181
Av=Av. + Av. + Av + Av + Av 10 4 triethylamine 1.4000 0.2424 2.45 0.083 650 (0)
rep disp Starkl Stark2 quagru (10) 5  tetrahydrofuran 1.4035 0.244 7.47 0.437 287 (0)
] ] 6  2-methyltetra- 1.4060 0.2456
The pressure induced shift of spectral holes depends on the hydrofuran
magnitudes of respective solvent shift components and the 7  bromoethane 1.4235 0.2549  9.59  0.486
8 dichloromethane 1424 0.2552 8.9 0.470 23 2.7

volume compressibility of the host matrix: 9 1l-bromopropane 14336 02602 8.44 0.452

10 cyclopentanone 1.437 0.2620 14.45 0.556

v/dP = (4Av,e,+ 2Av gyt LBAVg T 2/3AVgan0T 11  epichlorhydrin 1.438 0.2625 22.6  0.616
A 8. (11) 12 1,2-dichloroethane 1.445 0.2662 10.74 0.498 40 3.0
VauadrdPr 13 chloroform 1.446 0.2667 4.89 0.298 14 3.28
14  ethyl trichloroacetate 1.4500 0.269  9.03  0.459
Results and Discussion 15 pyridine 1510 0.2991 13.55 0.508 472 (0)
_ ) _ 16  benzonitrile 1.528 0.3079 25.30 0.582 155 (0)
1. Solvent Shift MechanismsThe selection of chromophores 17 iodomethane 1.531 0.3094 6.92 0.354
with strong phononless transitions is limited to relatively 18 bromoform 1.5960 0.3403 4.39 0.190
nonpolar ones, since extensive charge redistribution upon Highly Polar ¢ > 30) Aprotic Solvents
electronic excitation dramatically enhances both the Franck A a§et0nitrri1|e 1.3441 0.2119 36.00 0.709 160 5.2
Condon coupling to molecular vibrations and the Debyealler B nitromethane 1.3817 0.233 36.16 0.688 65 5.1
ling t P tg' de€ Th lut d Véa di C  propylene carbonate 1.4189 0.252 62.93 0.702
coupling 1o matrix modes. 1he solutes are grouped accoraing  p  n N-dimethyl- 1.431 0.2588 37.06 0.664 291 2.6
to the effective dimensionality of the-electronic system: linear formamide
(polymethines) and planar (polyarenes, tetrapyrroles, and a E Jéjbutﬂollaﬁtfon% i-j$g5 8-228656 jg-gf 8-222 262 39
S ; ; imethylsulfoxide . . . . .
n—mw _chron:_ophore,sl- tetrazine). dcr?mpodu_nds with I‘Nfeﬁkls G sulfolane 1.4840 0286 4213 0.646 157 2.3
transitions, linear polyenes, and three-dimensional fullerenes ¢, 15262 0307 421 0625
were not studied. The nonspecific (refractive indexand | nitrobenzene 15562 0.322 36.09 0599 67 (0)
dielectric permittivitye) and the specific solvation parameters Protic Solvents
(nucleophilicity B and electrophilicity E after Koppel and a  methanol 1.329 0.2034 33.52 0.712 21814.9
Palm49) of solvents are collected in Table 1. B water 1.33300.2057 81.2  0.758 15621.8
Room-temperature spectra of neutral compounds were re- 9 Etrr‘sgt%' formamide 11-31%%0 %2225%74 1285935 06676295 2238571111-69
- - P € - yl i . . . . .
corded inn alkanes. Bgcause the electr_onlc polarlzatmn of the ¢  N-methylacetamide 1.4330 0.260 178.9 0.723
solvent with solute dipole moments is small in our chro-  ,  formamide 1447 026721118 0706 270145

mophores? the refractive indexr() dependence of absorption
band maximavmax is of dispersive origin. The plots of band + 2)- e, dielectric constant from refs 50 and 5Ate) = (€ — 1)/(e +

maxima inn-alkanes vs the Lorentz.orenz fu_nc_:tiorw(nz) (eq 2): B andE, general basicity and acidity parameters, respectively, from
3) are perfectly linear with correlation coefficients larger than refs 1 and 49PAt 30 °C. Reference 52¢At 25 °C.

0.99 (Table 2). Both they and the polarizability difference can
be estimated from the intercept and the slopgefgrther on vo are rather close (between 15000 and 18000 mThe
referred to as Bakshiev number) of eq 4, respectitehy.2> Bakhshiev numbers (and the polarizability differences between
For ionic compounds that are insoluble in hydrocarbons a the ground and the excited st#&% show also little variation
set of highly polar aprotic solvents with gradually changing  (p = —30004 500 cnt?, Table 2).
from acetonitrile to nitrobenzene was applied (Tablé>lin Several structural features leading to the deviation of the S
this case the correlation coefficient is lower and the vacuum transition energy from the “electrons in the one-dimensional
frequency should be corrected for the dielectric shift (TabR 2). box” model become obvious in the investigated set of dyes
For the neutral squarene dye, both thalkane and polar series  (Figure 1). The presence of-electronic loops increases the
yield vy values within 100 cml!, whereas the Bakhshiev effective length of the chain that results in the downshifvef
numbers are slightly different-2617+ 84 and—3137+ 346 in cryptocyanine. Bending of the conjugated system produces
cm™1, respectively (Table 2). The effects of polarity can be an energy upshift (rhodamine 101, resorufin). Electron with-
documented separately in solvents with approximately constantdrawing substitution at the chain center in cations (N atom at

an, refractive index for Na D line from ref 49(n?) = (n? — 1)/(n?

n, while changing the dielectric permittivigy(e.g., from CHCGY the middle ring of oxazin 1;-CF; in rhodamine 700) causes a
to propylene carbonatéj. red shift.
1. PolymethinesDyes with similar length of polymethine Although the solvent polarizability effect is rather uniform

chain were chosen in this work: the 9 atom chains (including in polymethines, the influence of polarity and protic character
terminal heteroatoms) in cryptocyanine, HIDCI, and the square- on band maxima and widths is variable. In highly polar solvents
ne dye and the 11 atom chains in the remaining compounds.the S—S; bands of rhodamine 700 (Figure 2b), resorufin (Figure
Accordingly, the $—% transition energies of nonsolvated dyes 2f) and oxazine 1 undergo a bathochromic shift, whereas the
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TABLE 2: Solvent Shift Parameters of Dopants at 293 R
dopant vo(cm™2) Av'(cm?) vo'(cm™) —p(cm™?) N r solvent$
Polymethine Compounds
pseudoisocyanine 197164+ 40 2964+ 147 31 0.966
cryptocyanine 14833+ 75 —200 14630 3024 286 8 0.974 AH
HIDC I~ 16357+ 63 —300 16060 3156- 241 8 0.983 A-H
rhodamine 101 CIgy ¢ 17995+ 66 3027+ 245 7 0.984 A-C,E,G-I
rhodamine 700 CIg 9 16027+ 32 200 16230 257# 120 7 0.9947 AE,G-I
oxazine 1 CIQ~ ¢ 16091+ 76 50 16140 2782 278 8 0.971 A-C.E-I
thionine CI 17684+ 184 100 17780 3688 681 7 0.924 A-C,E,G-I
squarene dye 16358 20 2617+ 84 7 0.9969 G C10,Cis
16437+ 93 3137+ 346 8 0.965 A-F,H,I
oxonol dye Na 15543+ 75 —200 15340 3634 274 8 0.983 A-C,E-I
resorufin N& 17535+ 130 50 17590 2435 481 9 0.886 Al
resazurin K 16192+ 218 1594+ 831 9 0.587 2,6,15,AD,F,l
Polycyclic Aromatic Hydrocarbons
3,4-benzopyrerte 25202+ 15 1567+ 60 4 0.999
25265
9,10-dichloroanthracene 25980 41780
di-tert-butylterrylene 19213 54 4983+ 224 8 0.9940 6—C10,C13,Cis
benzoK]fluoranthene 2563% 19 3016+ 81 6 0.9986 6—Cs,C11,Ci6
Tetrapyrrolic Compounds
Mg octaethylporphine 60% 15
chlorir? 15857+ 5 659+ 20 3 0.999
15912
trans-iso-bacteriochlorin 1798511 2176+ 46 6 0.9991 6—Cs,C11,Ci6
tetratert-butylporphyrazine 16326 9 988+ 39 7 0.9961 6—Cy,C11,Cis
Azaarenes with ng* Transitions
tetrazine 1815& 6 1062+ 23 7 0.9989 ©—Cs,C10,C14,Ci6
18128k

a0, extrapolated transition frequency in a vacuum, eg\¥; polarity correction factoryy', corrected value ofg; p, Bakshiev number (slope of
the solvatochromic plot, eq 4), number of data points;, correlation coefficient?Cs—Cy, n-alkanes fromn-pentane tan-hexadecane, other
solvents are denoted as in Tablelh. 50% (w/w) glycerol/water, ref 53Reference 25%n supersonic jetReference 319Reference 32"For
anthracen€For Zn octaethylporphine, ref 2&Reference 38Reference 34.

14200 15600 T 17000 T
Rhodamine 700 b O  Thionine
12
14100 15500 1 18800l T7=293 K
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S 13900} 153001
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Figure 2. Dependence of Sabsorption band maxima of polymethine dyes on the Lorebtenz function of solvents at room temperature.
Solvents are denoted as in Table 1. Linear regression lines are showraliceines (squarene dye) or highly polar aprotic solvents. The fitting
parameters are collected in Table 2.

open-chain structures, both cationic (HIDCI, cryptocyanine, oxonols in polar media (Figure 2a and e), no theoretical
Figure 2a) and anionic (oxonol, Figure 2e), show hypsochromic relationship has been proposed. The partial charges on poly-
displacement. The bathochromic shift in rhodamines may be methine carbon atoms may produce ordering of solvent dipoles
caused by a reaction field created with a permanent dipole that makes up a reaction field of higher multipolar origin (eq
moment in a polar environment (eq 7). Rhodamines probably 9).46 Since in the excited state the charges are shifted to the
possess an appreciable dipole moment, since for rhodamine 6Gieighboring atoms, an extra energy is needed to carry out work
the difference betweeny andue as large as 4.6 D has been against the existing reaction field.
reportec?* The influence of hydrogen bonds can be best demonstrated
As for the hypsochromism of open-chain cyanines and by comparing the protic and aprotic environments with similar
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Polarity (e-1)/(e+2)-(n°-1)/(n°+2)

Figure 3. Dependence of Sabsorption band maximum of hemato-
porphyrin IX on solvent polarity functionp(¢) — #(n?) at room
temperature (Table 1). The blue shifted maxima in water, its mixtures
with methanol (indicated in v/v %) and formamide are excluded from
the regression line (eq 12).

Solvent Polarizability (n*1)/(n°+2)

Figure 4. Dependence of absorption band maximasdétrazine on
the Lorentz-Lorenz function of solvents at room temperature. Solvents
are denoted as in Table 1. Linear regression line is showm-#&tkanes.
The fitting parameters are collected in Table 2.

even two HO molecules are perhaps able to approach the

nande, such as methanol and acetonitrile or ethanol and acetoneporphyrin ring and form a bidentate hydrogen bonded complex
(Figure 2). The effect of H-bondig solvents is negligible in with its center. Thus, Figure 3 unambiguously demonstrates a
cryptocyanine, HIDCI, rhodamine 700, oxazine 1, the squarene prominent solvent shift due to the specific solvation of porphy-

and oxonol dyes. By contrast, a pronounced displacement ofrins with water.

band maxima by 308500 cnt! to the higher energies is
observed for cyclic anions, resorufin and resazurin in alcohols.
For thionine cation a~ —200 cnT! red shift is measured in
alcohols with respect to the solvents of identicainde (Figure

2c). Also, in strongly nucleophilic media (see the basicity
parameter® in Table 1), DMF and DMSO (solvents D and F
in Figure 2c and Table 1) an extra red shift 4y—350 cnr?

is detected for thionine reflecting the complex formation with
the dye as a hydrogen bonding donor.

2. Polyarenes Polycyclic aromatic hydrocarbons exhibit
presumably the simplest solvatochromic behavior with prevail-
ing dispersive red shift. The Bakshiev number lies in the range
of —1000 to—2000 and—4000 to—5000 cn1? for the Ly, (o)
and L, (p) types of transitions of alternant hydrocarbons,
respectively?® In polar media the cavity field produces a red
shift with the coefficienty ~ 0.05 per unit polarity function
[¢(e)—p(n?)] ascribed to the quadratic Stark effect on the solvent
cavity field?*28450r, alternatively, to a quadrupolar reaction field
effect®

3. Tetrapyrrolesin free-base tetrapyrroles the dispersive shift
of the first absorption band is smaltis equal to—336,—659,
and—988 cn1! for porphin€?” chlorin 23.25.26andt-Bu-TAP 2730
respectively (Table 2). A peculiar hypsochromism of théG)
band appears in polar media, while the second bang (Q
undergoes a bathochromic displacen®nthis phenomenon

A reduced porphine, trarise-bacteriochlorin (trang-BChl),
is characterized by a rather large dispersive effect \pith
—2176 cntl. More remarkably, there is a bathochromic shift
of the S band between-pentane and acetonitrile 6f250 cnr?!
that is opposite to the other free-base tetrapyrroles. This anomaly
is perhaps connected with central H atoms too, since the dipole
moment change of trarisBChl (Au = 1.64 D% is likely to be
responsible only for a minor reaction field shift.

4. AzaarenesThe n—x* transition ins-tetrazine shifts to the
red in n-alkanes, with Bakhshiev number1062 4- 23 cnt!
(Figure 4). The linear plot ofyax VS ¢(n?) yields the extrapolated
vacuum frequency of 18158 6 cn ! that is very close to the
0—0 origin of nonsolvated molecule in a supersonic jet (18128
cm1)34or in room-temperature vapors (18133.3émmeasured
in a 10 cm cell). Despite the lack of dipole moment in
stetrazine, the polar solvents cause remarkable hypsochromic
deviations from the plot fon-alkanes, amounting to 380 cth
betweem-pentane and acetonitrile. Quite large extra blue shifts
occur also in nonpolar solvents other thaalkanes: dioxane,
CCls, C¢He, hexachlorobutadiene, and £3here is little doubt
that multipolar effects are involved, as in the case of cyanines
(see above). In protic methanol and ethanol, the hypsochromic
effect is reduced by 1066200 cn1?® with respect to acetonitrile
and acetone, a feature that remains to be explained. As in the
case of free-base porphyrins, the strong water anomaly is present

have been ascribed to the shift of central protons closer to eachiy tetrazine consisting of a-600 cnt! blue shift of the
other in polar environment as a result of a decrease of their gramatically broadened band contour relative to the center of

mutual electrostatic repulsidf.
The influence of pressure on spectral holes burned in the S
S bands of mesoporphyrin £%13.1%and protoporphyrin 1%X0:13-15

in protein complexes has been reported. To understand better

the pigment-protein interactions the band maxima were mea-

sured for a related pseudo-octaalkylporphine, hematoporphyringq g og by 25%

IX in liquids, including water (Figure 3). The increase of solvent
(di)polarity produces the characteristic hypsochromic effect also
for hematoporphyrir®

Vimax= (159404 26) + (233+ 41)[p(e) — p(n)],
N=12, r=0.872 (12

More importantly, water causes a huge 260 érlue shift as
compared with that in another protic solvent with similar
dielectric constant, formamide. Owing to its small size, one or

spectral envelope in acetonitrile (data not shown).

5. Sobent shifts in EtOH glassThe absolute shifts of band
maxima in EtOH glasst& K may be compared with the shifts
n a nonpolar matrix with similan calculated apg(n?) (Figure
5). The LorentzLorenz function of the glass was assumed to
larger than that of the room-temperature liquid.
Polycyclic hydrocarbons 3,4-benzopyrene (3,4-BP), 9,10-dichlo-
roanthracene (9,10-CIA) and tBu-terrylene as well as the
squarene dye display nice agreement between the liquid and
solid phase data, demonstrating that the matrix shift in EtOH is
mainly dispersive.

The polarity induced blue-shift counteracting the polarizability
effect is apparent in cryptocyanine (250 cfy HIDCI (320
cm™1), oxonol dye (350 cmb), t-Bu-TAP (180 cntl), and
stetrazine (200 and 450 crhfor two solvate complexes, the
latter is upshifted with respect tey by 160 cntl). These
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0 . . even in nonpolar aliphatic hydrocarbon matrixes. It is assigned
— (TR tentatively to repulsive interactions.
§ . The compounds other than polyarenes have broader spectra
500 trans-iBChl 2 34BP Recaziiin (Figure 6). The excessive width in dipolar dyes, rhodamines
& ey @Resorfin } 700 (466 cmt) and 101, oxazine 1, and traiss-bacteriochlorin
° Oxazine 1-/@ QCPlocyanine (412 cnY) is likely caused by linear Stark effect in frozen-in
= 1000 | qrhionine,” / @Oxono ] solvent cavity fields of different magnitude and directf8n.
o Rh 101 . The broadening in the oxonol dye (308 thiand HIDCI
o 9,10-CIA Dopants in ethanol 1 .
8 77 K (382 cn1l) as compared to cryptocyanine (222 dnmay stem

tButery, . from the conformational flexibility of the pentamethine chain

-1500 +
-1500 -1000 -500 0 500 in the former structures. The trimethine link in cryptocyanine

Band Shift 4v, ., (om") appears to be relatively rigid and exist in a single conformation.
Figure 5. Vacuum-to-matrix shifts of band maxima in ethanol glass Besides its narrow bandwidth, cryptocyanine has one of the
at 6 K plotted vs the dispersive red-shiftcalculated from the Bakshiev largest Debye Waller factors among cyanine dyes. Another
numberp and the matrix polarizabilitg(n?) = 0.28. Deviations from  presumably stiff monomethine compound, pseudoisocyanine,
the Ilne_W|th unit slope expose the solvent shift mechanisms other than has 2hwhm as broad as 764 chiin glycerol/water) (Table 3)
dispersive. owing to a huge multiphonon sideband that reduces th@ O
transition probability to a mere 198.

Specific solvation can provide an additional inhomogeneous
broadening mechanism, if the H-bridged sotuselvent com-
plexes are subject to structural variatiping, in resazurin. The
hydrogen bonded complexes can appear as distinct shoulders
of the 0-0 band (oxazine 1, resorufin, tetrazine, see Figure 7).
After a deconvolution into Gaussians one obtains that the
components can be fairly narrow200 cnt? for tetrazine).
Therefore, the resorufinethanol complexes seem to possess a
well-defined structure.

hypsochromic displacements may originate primarily from a
quadrupolar reaction field and show up in small pressure shifts
of spectral holes (see below). The observed solvent shift is also
much less than 0.28n resorufin (by 380 cm?) and resazurin

(by 750 cn7?) owing to the hydrogen bonding that is particularly
strong at low temperatures. In fact, the transition frequency of
H-bonded resazurin is by 330 cihigher than the predicted
vacuum value (Table 3). On the other hand, an extra red shift
in solid EtOH occurs in rhodamine 706-250 cnt?) because

of its polarity and in thionine €420 cnT’) as a result of For the sake of completeness, the bandwidths in the liquid

hydrogen bo_ndmg. ) ) phase at 293 K are listed in Table 3. At room temperature the
2. Mechanisms of Inhomogeneous Broadening:he inho-  2hwhm is on the average by 240.2 times broader than that

mogeneous spread of transition frequencies and the shifts ofin the low temperature solid. Such proportionality means that

bands as a whole can have a common microscopic origin. Onin the liquid the amplitude of dynamic fluctuations of the electric
the other hand, several interactions such as the linear Stark eﬁecfiekj and density are approximate|y by a factor of 2 |arger than

in the cavity field are not capable of shifting the band but may the static fluctuations in the frozen glass.
produce substantial broadening. A comparison of band broaden-  Finally, let us recapitulate the main interactions leading to
ing with the absolute shifts of maxima is made in this section spectra| broadening in molecular g|asse5, according to Figure
with the aim to elucidate further the guestost interactions in . The interaction between the permanent dipoles that can also
glasses. be regarded as a linear Stark effect in the cavity and reaction
The 2-fold half-widths at half-maximum of a long-wavelength fields produces the strongest spectral inhomogeneity. The
slope of the band (2hwhm) and the solvent shifts of band nonuniform matrix fields in polar solvents interact also with
maxima in EtOH glass are given in Table 3. The widths of IDF solute multipoles resulting in a broadening in centrosymmetric
and the DebyeWaller factors were not rigorously measured guest molecules. The fluctuations of matrix density (polariz-
in this work. Instead, the contribution of phonon sidebands to ability) are responsible for band broadening by means of
the measured bandwidth was assessed by comparing the 2hwhrdispersive effect. Last but not least, there is a residual width of
and the full widths at half-maxima (fwhm) (Table 3). The fwhm about 100 cm* occurring even in aliphatic hydrocarbon glasses
is considerably broader in HIDCI, oxonol and rhodamines 700 and for nonpolar chromophores with very small polarizability
and 101, because the coupling to low-frequency vibrations changes, such as (*Lp) type transitions of arenes (pyrefe)
broadens the short-wavelength side of the absorption band. and porphyrins (octaethylporphine, chlorfi)At present, we
Figure 6 shows a relationship between the 2hwhm and the €an onl_y speculate that _either rep_ulsive forces or bond dipole
solvent shift for different chromophores. For 2hwhm, a lower interactions are responsible for this phenomenon. _
limit seems to exist as a function of the peak shift. For rigid _ 3. Pressure Shifts of Holes in Ethanol Glass Doped with

nonpolar polycyclic arenes (3,4-BP, 9,10-CIA tdit-butylter- Different Dyes. The pressure shift coeffiqienvlﬂP measurgd

rylene) a roughly linear dependence between 2hwhmAangdyx on a hole burned at the absorption maximum depends linearly

holds: on absolute vacuum-to-matrix frequency sihftyax (Figure 8,
Table 4):

[2hwhm] = (108 8) — (0.0874 0.007Av,.; N=3,

r=0.9967 (13) dv,/dP = (—0.036+ 0.029)+ (6.27+ 0.41) x

10 *Av,,,, N=13, r=0.978. (14)
The inhomogeneous width is equal to about 10% of the

dispersive solvent shift plus a residual width~e100 cnt?, in The most strongly deviating points of cryptocyanine, HIDCI,

accordance with our earlier wofR56 Qualitatively, the slope  the squarene and oxonol dyes, as well as thionine were excluded

of eq 13 can be explained by the fluctuations in effective from the correlation. The slope of eq 14, 6.2710* GHz

numbers of solvent molecules in the closest layer surrounding bar® cm or 2.1 x 107° bar! is somewhat smaller than the

the chromophore. The residual width .00 cn1! is present probable value of 2r for glassy ethanol (% 1075 bar?) (see
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TABLE 3: Band Maxima and Widths of Dopants in Ethanol at 6 K2

Vmax 2hwhm fwhm hwhm293 Vmax(293)~
dopant (cm™) Vmax— vo(cm™1) (cm™) (cm™) whm(6) Vmax(s) (CM™ 1)
Polymethine Compounds
pseudoisocyanine ® 20404 —688 764 1.52 130
cryptocyanine T 14038 —592 222 235 2.20 53
HIDC I~ 15494 —566 382 436 2.04 99
rhodamine 101 Clg» 17235 —760 460 594 2.17 371
rhodamine 700 CIgr 15248 —982 466 593 1.66 210
oxazine 1 CIQ~ 15366 —774 (394) 461 (1.54) 108
thionine CI 16345 —1435 282 2.13 216
squarene dye 15614 —739 204 246 2.59 188
oxonol dye N& 14676 —664 308 411 2.01 50
resorufin N& 17280 —310 212 281 (3.46) 32
resazurin K 16523 331 340 418 2.51 —150
Polycyclic Aromatic Hydrocarbons

3,4-benzopyrene 24824 —441 146 142 1.81 —16
9,10-dichloroanthracene 24741 —1209 218 229 2.02 224
di-tert-butylterrylene 17784 —1429 (230) 260 (2.87) 310
cyclohexylbenzdf|fluoranthene 24450 260 254

2444F 300 313
cyclopropylbenzdf]fluoranthene 23907 226 237

Tetrapyrrolic Compounds
Mg octaethylporphine 17342 140 142 2.06 —87
chlorin 15811 —101 136 141 1.75 —52
trans-iso-bacteriochlorin 17260 =725 412 407 1.79 53
tetratert-butylporphyrazine 16229 —-97 188 195 1.77 —96
Azaarene with a-z* Transitions

tetrazine 18278 150 —275

18289 161 216 —286

18035 —93 201 —32

& Ymax band maximumymax — vo, absolute solvent shift of the band maximum; 2hwhm, double value of the half-width at half-maximum measured
at the long-wavelength slope of the band; fwhm, full-width at half-maximum; hwhm(293)/hwhm(6), relative band broadening between 293 and 6
K; Vmax(zesrVmaxey band shift between 293 and 6 K; approximate values of parameters for bands with shoulders are given in pafentb@8és.

(w/w) glyceroliwater, ref 53¢ 10% (v/v) of cycloheptatriene was addéd?arameters of the two Gaussian components of the band.

a
o
o

R . : - pressure shift measured at the band maximum is also hypso-
e Fn7oce e  Dopantsin ethanol chromic. Both the resorufin and resazurin obey the correlation
S400E  Gyane 8 s BN TET K 1 (eq 14). Therefore, the influences of compression of the
% Resazurin @ hydrogen bond(s) and that of the increase of matrix polarizability
% 300 _.Thloninec o:"”‘;': :esq‘ufin S | remain balanced under the pressure.
N sool Sq;v;;;cg. e * K. ] Pressure shifts can be compargd with those induced t_)y
£ 9.10-CIA +BU-TAP temperature, as both decompression and thermal expansion
EP L e & | increase the intermolecular separation. With the rise of tem-
< perature the matrix density decreases, particulary fast in the
@ ‘ . ‘ course of melting, and the Lorenttorenz function ¢(n?)

-1500 -1000 -500 0 500

. 0 diminishes from 0.28 to 0.22. This should lead to a decrease of
Band Shift av,, (cm ) dispersive shift bypA¢(n?~200 cnt? in polymethines. This
Figure 6. Dependence of bandwidth on the vacuum-to-matrix shift of thermal blue shift of band maxima between 6 and 293 K is
the absorption maximum in ethanol glass at 6 K. For polycyclic smaller in cryptocyanine, HIDCI and the oxonol dye {300
hydrocarbons a linear correlation is obtained (eq 13). The remaining cm~2) (Table 3), reminding the anomaly Pishifts. Above the
Cog“poﬁnds dhave proa;:ier bands dfue ;0 micr]?SCOpi,C Sh:fglm?g,?a”isp‘sglass transition point the dielectric constant reduces dramatically
T o dspersive forces andfor the conformational lexibilty of - from 55.5 at 163 K to 25.3 at 293 K (ref 51, p 32). Further, the
' molecular complexes tend to dissociate as the thermal motions
below). In less compressible PMMA matrix the respective intensify. Both weakening of electrostatic interactions and
numbers are slightly less, 1:8 1075 and 2.42x 1075 bar 121 breaking of hydrogen bonds (in resorufin and resazurin) affect
The pressure shift coefficients of open chain polymethines, the solvent shifts.
irrespective to their charge are anomalously small. With the In the following section the dependence of the pressure shifts
exception of the neutral squarene, the absolute solvent shifts ofon hole burning position over the whole spectral contour, rather
band maxima are also considerably less than the expectedhan just a single valuengs,/dP will be discussed.
dispersive red shifts in glassy EtOH (Figure 5). Accordingly, 4. Wavelength Dependence of Pressure Shift Coefficients
these dyes show hypsochromism in polar liquid solvents (Figure in EtOH. The pressure shift coefficients of spectral holes d
2a and e). dP depend linearly on burning position within the inhomoge-
In protic media the anionic chromophores, resorufin and neous spectral contour (so-called color effect, ref¢9) (Figure
resazurin have small absolute solvent shifts with respect to the7). The linear regression parameters of the plotsidtlé vs
vacuum frequencies of nonsolvated chromophores. The normalthe hole burning frequencyy, i.e., the slopa and the frequency
dispersive red shift is off-set in hydrogen bonded sets@vent at which pressure shift vanishegg) are collected in Table 4.
complexes, so that the maximum of resazurin in solid EtOH is Occasionally, a few deviating points at the band edges that could
even blue shifted from the vacuum value by 3307éniThe be subject to experimental uncertainties have been excluded
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a= 2B, (15)

However, inspection of Table 4 reveals tlaadloes not remain
constant but varies between 1x5107° and 6x 1075 bartin

a single matrix, solid EtOH. Roughly speaking, it is inversely
correlated with inhomogeneous bandwidth (Figuré&®9):

[2hwhm]= (53 + 48) + (623+ 124)x 10 "a !, N=18,
r=0.783 (16)

In general, broad band spectra have shallow slopesvied
versa

The slopes are particularly shallow in HIDCI (2.2410°°
bar1), rhodamines 101 (1.69 105 bar 1), and 700 (1.46x
105 bar™). As already mentioned, a larger bandwidth of HIDCI
with respect to that of cryptocyanine stems from geometrical
distortions ofr-electronic system. Provided the conformers with
different transition energies (in a vacuum) have similar disper-
sive shifts, a low value o& would result. In rhodamines the
spectra are drastically broadened due to linear Stark effect in
the cavity field. Under external pressure the cavity field changes
in proportion with linear compressibility 163 and so does the
hole shift coefficienta (eq 8). Because the slope is small in
rhodamines, the extrapolated frequency at which the hole shift
vanishes is much higher than the vacuum frequengy)(>
vo). The empirical correlation between 2hwhm ad (eq 16)
can be easily understood bearing in mind that the Stark effect
and the molecular flexibility cause pronounced broadening
accompanied by small magnitudesaf

Polycyclic arenes have the highest sensitivity of pressure
shifts toward the hole burning wavenumber and the slope factors
as large as (56) x 107° barL. Also resorufin (4.25), benzo-

Fig‘]{fr.e.7' LO‘I""ter(;‘peratf“re ?bsorfprt]iol” Epec.tra and tlhe prﬁ’?surﬁ Shi‘;t [KIfluoranthene derivatives (3.48 and 3.99), squarene dye (3.67),
coefficients plotted as a function of hole burning wavelength in ethano . : ;

glass for (a) open chain cyanine cations, (b) cyclic polymethine cations trans-+BChI (3'4;]3)’ lcryptoclyanlneh(3.3ﬁ), an(:) cf}lc;rln (3.34)
and stetrazine, and (c) cyclic polymethine anions. Oxazine 1 and POSS€SS somewhat Sargerls opes than the probghlefZEtOH
stetrazine form two distinct solutesolvent complexes as shown by ~ glass (3-9) (all n 10° bar* units). AS_'” the case OT PMMA
shoulders in the spectrum and a step in the plot of pressure shift host matrix, the involvement of repulsive potentials is surmised

coefficients. The €0 origins in nonsolvated chromophores are indicated in order to account for the steep slopes (ed!To explain the

by arrows. slope factor of 6x 1075 bar1, one should make a conjecture

04 . ' ‘ that repulsive or some other potential with distance dependence

= Resazurin® as steep as 1?2 is responsible for about a half of total band

S 0.2} Cryptocyanine 1y n¢) broadening.

T ool \ /314-BP chl _ A summary of pressure shift coefficients as a function of

9_02? oxonol @® / e 'evazine] solvent shifts for polymethines and other chromophores is

% “|Thioninesquarenc® @7} g, TAP presented in Figure 10a and b, respectively. For comparison, a

R A St Ao 1 linear plot of eq 5 is shown for the probable 2-fold compress-

T .06 -:Buj;"mo' 0 o . ibility value of solid EtOH, Bt = 3 x 107° barl. An almost

:% osl y Dopants in ethanal ideal coincidence with eq 5 is observed for resorufin, resazurin,

Q@ ©3,10-CIA T=6 K chlorin,t-Bu-TAP, as well as the red shifted form sfetrazine.
2500 1000 500 o 500 The data of cryptocyanine, HIDCI, squarene, and oxonol dyes

(all open-chain polymethines) lie parallel with the line but are
by 0.5 GHz/bar smaller than expected on the basidiof
5. Analysis of Literature Data. During the past decade, the
behavior of narrow spectral holes under hydrostatic pressure
have been recorded in a number of systems, including
from the correlation. Oxazine 1 ansitetrazine form two chromoproteing=19 In Table 5 the slope factora and the
solvational complexes in ethanol glass distinguishable by the frequencies where the pressure shift vanishgsare collected
presence of shoulders in the spectrum (Figure 7b). Accordingly, together withP shift coefficients at the band maximagh,/dP
a bilinear relationshipddP vs v is obtained with rather similar ~ as well as the widths and peak positions of the bands under
slopes. consideration. The references and figures the data are taken from
The slope factorm has attracted special interest during the are indicated.
past decade since it has been hoped that it reflects the The reported slope factors vary between £.407° and 8.2
compressibility of matriXx~1° It follows both from the Bakhshiev ~ x 107 bar 1. The authors generally believe that this way the
formula for dispersive shifts (eq4)?2and simple microscopic  compressibility is being measured to a good approximation since
modelg-22that (see eq 5) a test experiment using resorufin, hypericin, protoporphyrin IX,

Band Shift Av__ (cm™)

max

Figure 8. Pressure shift coefficients of spectral holes burned at the
absorption band maxima (Table 4) plotted as a function of solvent shift
in ethanol glass at 6 K. The linear regression line (eq 14) is shown.
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TABLE 4: Frequency Dependence of Pressure Shift Coefficients of Spectral Holes in Ethanol at 62K

dvma/dP Vo) Vo@) — Vo a
dopant (GHz/bar) (cm™) (cm™) (10 %bar?) N r data interval (nm)
Polymethine Compounds
cryptocyaninet —0.088 141243 —503 3.38+ 0.09 7 0.9984 605620
HIDC I~ —0.091 15614 16 —443 2.14+0.13 11 0.983 642656
rhodamine 101 CIQy —0.564 18336t 89 341 1.69+0.13 5 0.9917 577589
rhodamine 700 CIgy —0.565 16503t 87 273 1.46+ 0.10 7 0.9894 650668
oxazine 1 CIQ~ —0.495 16102+ 32 —38 2.22+0.10 4 0.9979 645-654
15911+ 56 —229 2.58+0.18 4 0.9950 657—665
thionine CI —0.550 17197 94 —583 2.07+0.22 7 0.974 607:5619.5
squarene dye —0.268 1585H- 16 —502 3.67+0.19 6 0.9946 638648
oxonol dye N& —0.124 14806+ 11 —534 3.21+0.15 8 0.9933 678692
resorufin Na —0.196 17428+ 8 —162 4.25+0.17 7 0.9959 575:5584.5
resazurin K 0.275 16140t 8 —52 2.39+ 0.06 6 0.9989 600:5615.5
Polycyclic Aromatic Hydrocarbons
3,4-benzopyrerte —0.256 24966+ 11 —229 6.19+ 0.41 7 0.9891 401:5404.5
9,10-dichloroanthracehe —0.875 25348t 33 —602 4.75+ 0.23 6 0.9954 404406.5
di-tert-butylterrylene —0.95 18743t 147 —470 2.83+0.42 5 0.968 566566
cyclohexylbenzdf|fluoranthené —0.57 24992+ 20 3.48+ 0.12 8 0.9964 407:5411.5
cyclopropylbenzdf|fluoranthene -0.67 24455+ 34 3.99+ 0.23 7 0.9916 416:5421.3
Tetrapyrrolic Compounds
magnesium octaethylporphine —0.02 17378t 10 2.03+£0.21 4 0.9890 576580
chlorin —0.076 15885+ 4 —27 3.34+0.12 8 0.9960 629:5636.5
trans-iso-bacteriochlorin -0.43 17667+ 41 —318 3.45+ 0.31 7 0.980 575586
tetratert-butylporphyrazine —0.202 16445+ 9 119 3.08+0.11 6 0.9972 6135621
Azaarenes with azr* Transitions
tetrazine —0.054 183443 213 2.92+0.21 4 0.9950 544547
-0.117 18217 10 89 3.00+0.14 5 0.9966 5515559

advma/dP, pressure shift coefficient at the band maximurgp), frequency at which spectral hole shows no shift with pressure chamgge;

transition frequency of the nonsolvated dopantslope of the linear dependence of the pressure shift coefficient on hole freqdmaymber of
data pointsy, correlation coefficient’5% (v/v) of tert-butyl perbenzoate was added to enhance hole burning quantum effict&aey.(v/v) of
cycloheptatriene was added.

500 . - . — - fact, also of two parts with different slopes (Figure 3 in ref 9).
‘E Rhio1® 2000 Therefore, the investigation &fshifts of holes helps to separate
L 4ol trans--BChi@  Oxazined . solvational complexes. It may seem likely that lower compress-
= Resazwﬁn'g@ ibility of rigid H-bonded network of the glycerol glass is
% 300 | oryoroe ™ - reflected in the lower slope factors (1.6 and 243 compared
S S AN @ Thionine to those in EtOH/MeOH (3.6) EtOH (4.25, this work, Table
£ 3 g;yemme 4), andn-BuOHtert-BuOH (3.4 and 4.%% (all in 1075 bar?!
5200 '9"°C':qua/:ne Dopants in ethanol] units). However, such a conclusion is premature, since the
§ b 5P ®Chl tBU-TAP  T=6 K 2hwhm is tremendously broad in glycerol (820 ¢ni vs 212

1000.1 072 0?3 0f4 0f5 0?6 0?7 Cm_l in EtOH)

a' 10° bar

The horseradish peroxidase (HRP) apoprotein combined with

Figure 9. Relationship between the bandwidth and the inverted slope non-native cofactors mesoporphyrintf?318and its magnesium

factor of pressure shift coefficients vs hole burning frequency in EtOH  complex® have been explored by means of hole burning. Several

glass. The slope factaris not a constant equal to 2-fold compressibility — getra] hands of mesoporphyrin IX have been observed between

of the matrix but decreases with increasing bandwidth. The regression .

line (eq 16) is shown. 16100 and 16300 cr;ﬁ depending on the.pH, the exposure qf
the system to the light or the complexing with an aromatic

and dimethyls-tetrazine in ethanelmethanol (3:1 viv) has  Substrate, 1-naphthohydroxamic atid**°The highest energy
yielded indeed very similar slopes of (3t30.3) x 1075 bar 115 band of mesoporphyrin in HRP (&t 16317 cm* 19) is nearly
However, this assumption is open to doubt, since more extensiveas blue shifted as that of hematoporhyrin in water (16431%m
sets of probes in ethanol and PMNI&S reveal that the slope  (Figure 3). Upon irradiation with light or complexing with
factors can vary in a broad range in the same matrix (Figures 1-naphthohydroxamic aciéi’3the blue B band gives rise to
9 and 10, Table 4). Also, the agreement between the true vacuunred shifted forms with narrower bandwidths. The holes burned
frequencies andt) is generally poor. in the broader high-frequency bands have much smaller slope
The band maxima of resorufin shift gradually to the red as factors &= ~2.5 x 1075 bar ) than those burned in the narrow
the protic character of the matrix diminishes in the order of |ow frequency forms ((68) x 1075 bar2). Specific solvation
ethylene glycol/HO mixturé-'® > glyceroP > EtOH/MeOH  \yith water is probably responsible for the presence of blue

mixture’ > EtOH (this work) > n-butanolfert-butyl alcohol shifted pigment forms in HRP that have relatively large
mixturel? The bands are clearly not elementary nkbutanol/ bandwidths and shallow slopes

tert-butyl alcohol (Figures 1 and 5 in ref 12) and EtOH (Figure
7¢) the spectral components are resolved already in absorption. The free-base protoporphyrin IX embedded in myoglobin
The plots of a/dP vs v reveal two linear segments in glycerol  shows, in principle, similar behavior, although the spectra of
(Figure 7 in ref 9). In glycol/HO the P shift plot consists, in different forms are poorly resolvéd1314The respective slope
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TABLE 5: Frequency Dependence of Pressure Shift Coefficients of Spectral Holes at +-8.2 K from Literature
2hwhn?  dvia/dPC vor) ac data interval
dopant host matrix vmad, (cm™)  (ecm™)  (GHz/bar) (cm™l) (10 bar?) (cm™ ref figs
resorufin ethylene glycol/fD(1:1v/v) 17480 600 0.25 17100 2.2 169507600 9;10 1,3;1,3
resorufin glycerol 17300 1.6 17276-17570 9 57
17300 820 0 17050 2.1 16750-17100
resorufin EtOH/MeOH (3:17?) 17300 247 -0.21 17500 3.6 1717017470 7 1,4
resorufin n-butanol/tert-butanol(1:1) 17236 201 —0.19 17390 4.1 17015-17380 12 5
16890 208 —0.22 17110 3.4 16730-17065
hypericin ethanol/methanol (3:1) 16845 173 -0.36 17224 3.0 1676017040 15 3
hypericinate anion  glycerol/DMF (3:1 v/v) 16820 273 —0.30 17200 25 1660017080 18 5
hypericinate anion ( HSQ?o)mpIex in glycerol/HO 16730 420 —-0.47 ~17600 ~2.1 16306-16600" 6
3:1viv
mesoporphyrin IX  HRRsoenzyme gin 163178 97 —0.17 16562 2.3 16303-16342 16 1,3
glycerol/HO (1:1 viv), 162086 53 —-0.26 16354 5.9 16190-16225
pH=38 161108 57 —0.22 16233 6.0 16080-16138
mesoporphyrin IX  same, after photobleaching ef B 16207B 61 -0.27 16385 4.9 16160-16240 16 4
161088 61 —0.22 16228 6.1 16070-16123
mesoporphyrin IX  HRPisoenzyme Gin glycerol/ 16308 88 —0.24 16592 2.7 1628016348 11;13 4,table; 7
H20 (1:1 v/v), pH=5
mesoporphyrin IX  same, complex with 1-naphtho- 16260 11;13 4, table; 7
hydroxamic acid 16173 67 —0.38 16326 8.2 1616016197
protoporphyrin IX  EtOH/MeOH (3:1) 1%DMF 3.0 15 4
protoporphyrin IX  glycerol/DMF (3:1 v/v) 15985 185 0.063 15890 2.4 15866000 14 3
protoporphyrin IX  myoglobin 16080 107 0.075 15920 1.6 16050-16180 10 6
15990 0.063" 15795 1.4 15915-15990
protoporphyrin X  myoglobin in glycerol/kD 16100 ~185 0.09 16087 2.5 16160-16275 13;14 6;2
(5:2 viv) 0.12 15880 6.2 15760-15880
magnesium EtOH/glycerol (1:1 v/v) 17315 ~240 -0.41 17370 2.0 1723017390 19 8, text
mesoporphyrin ]
magnesium HRP isoenzyme C in glycerol/ 17160 —0.435 17830 2.12  17160-17240 19 1,6, text
mesoporphyrin H,0 (1:1), pH=7 17063 58  —0.315 17570 2.1  16980-17085
magnesium same, complex with 1-naphtho- 17150 64 —0.40 17655 2.6 1711517180 19 7, text
mesoporphyrin hydroxamic acid
chlorin benzophenone glass 15730 238 —-0.27 16030 2.9 1557015870 17 5, text
dimethyls-tetrazine EtOH/MeOH (3:1) 3.3 15 4

aAbsorption maximumPDouble value of the half-width at half-maximum of the red side of the bé&Pikssure shift coefficient of the hole
burned at the band maximurfzrequency at which pressure shift vanisti&ope of the linear dependence of pressure shift coefficient vs the hole
burning frequencyLow-frequency portion was left oufHuman serum albuminéLow-frequency slope of the bantHorseradish peroxidase.
IHigh-frequency portion was left ou2hwhm of the high-frequency side of the bafdw-frequency shouldef!At 15950 cnrl. "Full width at
half-maximum of an asymmetric bantht 16220 cnt. PAt 15820 cntt. 9The S—S, transition.'The reported width of IDF is 4@ 5 cnm™.
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Figure 10. Pressure shift coefficients of spectral holes plotted as a
function of absolute solvent shifts. The holes are burned over the
inhomogeneous bands of polymethine dyes (a) and polycyclic arenes,
tetrapyrroles and-tetrazine (b) in ethanol glass. For comparison lines
are drawn that pass zero and have a slope of 207° bar?, the
probable double compressibility value of ethanol glass.

Conclusions

In the literature, the pressure induced shifts of zero-phonon
holes burned over the inhomogeneous band have been used for
determination of two essential parameters: matrix compress-
ibility St and transition energy of the nonsolvated chromophore
vo.”71% Our previous study in polymer host matri%&% and
the present investigation in solvent glasses have revealed more
complex nature of hole shifts under the pressure. Because a
linear relationship between the pressure shift coefficiemis d
dP and the hole position is observed in most cases, a question
arises about the physical meaning of the slopes and intercepts
of these plots as far as they fail to givgw2and v, directly.

In this work the shifts of spectral holes burned in the(0
bands of 20 chromophores doped in single host, glassy ethanol
are examined. The slope fac®remains by no means constant
in EtOH, but decreases as the inhomogeneous bandwidth
increases. Nearly a half of the dopants, includirgu-TAP,
shows the slope values clustering around 307> bar . This
corresponds perhaps to the double compressibility of the matrix,
since a nice agreement between the slope factor gnchas
been found for isotropic polymers doped witBu-TAP 21 The
slope equal to 2r is expected for dispersive interaction that
obeys the distance dependence®. The slope Bt follows
directly from Bakhshiev equation (eq 4), since the matrix
polarizability increases and the Onsager volume decreases when
pressure is applieth.

The solvent shift in polycyclic hydrocarbons is mainly of
dispersive origirf22325Therefore, it has been puzzling to find

factors can be associated with different solvent shift mechanismsthat the sensitivity ofP shift coefficients vs the burning
rather than dramatic changes in local compressibility of the wavelength can be steeper thgit &f the polymer host matri

protein host matrix.

For 3,4-benzopyrene and 9,10-dichloroanthracene in EtOH the
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slopes are also nearly two times higher than the probable value  (8) Zollfrank, J.; Friedrich, J.; Fidy, J. Vanderkooi, J. Nl. Chem.

of 281. We have suggested, that the most plausible cause OfPhy(sg)lgzggilfgrghﬁsgqFriedrich 10, Phys. Chemi992 96, 7889
such an increase stems from the repulsive forces between the (10) zolifrank, J.: Friedrich, 3. Opt. Soc. Am. BL992 9, 956.

molecules that may have the intermolecular distance dependence (11) Fidy, J.; Vanderkooi, J. M.; Zollfrank, J.; Friedrich,Biophys. J
as steep as 12 Accordingly, there is a residual inhomogeneous 1992 63, 1605.

. 1: (12) Schellenberg, P.; Friedrich, J. Lumin 1993 56, 143.
bandwidth of about 86100 cn1?! in nonpolar polymers and (13) Gafert, J.. Friedrich, J.: Parak, F.; Fidy,l.Lumin 1993 56,

solvent glasse® even in symmetric porphyrins having no dipole  157.
moment and a very small polarizability change upon the S (14) Gafert, J.; Friedrich, J.; Parak, J..Chem. Physl993 99, 2478.

ot ; ; ; ; (15) Pschierer, H.; Friedrich, J.; Falk, H.; Schmitzberger,J\Phys.
Sy excitation. This residual broadening could be ascribed to the Chem 1993 97, 6902.

inhomogeneity of repulsive interactions in disordered hosts. (16) Friedrich, J.; Gafert, J.; Zollfrank, J.; Vanderkooi, J.; FidyPrbc.

The slopes smaller thang? could be assigned to the Natl Acad. Scil994 91,1029,
electrostatic interactions of dipolar molecules, such as rhodaminesSS(()llT) Schellenberg, B Friedrich, J.; Kikas,JJChem. Phys1994 100

and oxazine 1 in the matrix cavity fields. The strength of a cavity =~ (18) Kohler, M.; Gafert, J.; Friedrich, J.; Falk, H.; Meyer, 2. Phys.
field is proportional to the linear compressibility of the matrix ~Chem 1996 100, 8567.

yielding a as small as 1/%. Conformational flexibility of | gg% %g'o,o?éf'; Kis-Petik, K.; Fidy, J.; Kder, M.; Friedrich, JBiophys.
m-electronic chains (e. g. in HIDCI as compared to cryptocya- — (20) Laird, B. B.; Skinner, J. LJ. Chem. Phys1989 90, 3274.
nine) may provide another broadening mechanism with con-  (21) Renge, 1J. Phys. ChemA 200Q 104, 3869.
i (22) Bakshiev, N. G.; Girin, O. P.; Piterskaya, |. @pt. SpektroskL968
comitanit low slope factor. _ _ 24, 901 Opt. Spectroscl968 24, 483).
Another category (besides repulsive forces) of intermolecular  (23) Renge, IChem. Phys1992 167, 173.
interactions uncovered and characterized in this study causes (24) Renge, 1.; van Grondelle, R.; Dekker: J. B. Photochem.

. : . Photobiol, A 1996 96, 109.
hypsochromism of many centrosymmetric chromophores in (25) Renge, 1J. Photochem. Photobioh 1992 69, 135.

polar environments. This blue shift in cationic and anionic open-  (26) Renge, 1.J. Phys. Chem1993 97, 6582.

chain polymethines ansitetrazine may be tentatively ascribed (27) Renge, |.; Wolleb, H.; Spahni, H.; Wild, U. 8.Phys. Chen997,
; ; i 101, 6202.

to the orientation o_f solvent dl_pole_s by the_lo;al cha_rges of the (28) Renge, 1.: Wild, U. PJ. Lumin 1996 66&67, 305.

dye creating a mult|p(_)lar reaction field that in its turn mfluencgs (29) Spencer, G. H., Jr.: Cross, P. C.: Wiberg, K.JBChem. Phys

the electronic transition energy. However, the pressure shifts 1961 35, 1925.

of spectral holes demonstrate, that the microscopic mechanism (30) Renge, 1.J. Chem. Phys1997 106 5835.

. . L . (31) Greenblatt, G. D.; Nissani, E.; Zaroura, E.; Haas].YPhys. Chem
of this hypsochromic behavior is not uniform. 1987 91, 570.

Obviously, no single method would provide us with sufficient 195362)14H4ir2%ima, S.; luchi, Y.; Tanaka, F.; Shobatake Gkem. Phys
knowledge about intermolecular potentlgls in the groqnd and 33) Even. U.: Jortner, d. Chem. Phys1982 77, 4391.
the ex_cned states that exten_d over a wide range of distances. (34) Smalley, R. E.; Wharton, L.; Levi, D. H.; Chandler, D. WChem
The fairly complex solvent shift phenomena should be carefully Phys 1978 68, 2487. _ ' o
isentanal ing simultan v the matrix. or r m- (35) Persistent Spectral Hole-Burning: Science and Applications
d Setta 9 eddusl gts. lf'ltij eof;ls%{l the ﬂ?t Il P IeSSl];I e‘. tel Moerner, W. E., Ed.; Springer: Berlin, 1988.
perature, and electric field erects on the levels or single (36) Single-Molecule Optical Detection, Imaging and Spectroscopy
chromophores, energy selected ensembles addressed by holBaschie T., Moerner, W. E., Orrit, M., Wild, U. P., Eds.; VCH: Berlin,

burning, and broad bands. 1996. .
(37) Wallenborn, E.-U.; Wild, U. P.; Brown, R. Chem Phys 1997,
107, 8338.
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