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The rate constants,, andk,—x of the B=," — alAy and @Ay — X3%,~ emissions of @have been determined

in liquid CCl,, C,Cls, and GCls. The ratiosks—x/kn—a range from 4.4x 1074 (CCly) to 8 x 1074 (C4Clg). In
addition, rate constants,_x have been determined in several solvents and in the binary solvent mixtures
H.O/acetone, acetonefds, and CHOH/CHCL. k.—x depends for kD/acetone and GYOH/CHCL in a strongly
anomalous way on the bulk polarizabili®/of the solvent, demonstrating that no general smooth correlation
of ka—x with P exists. Our results confirm the perturbation model developed by Minaev. According to this
model, the collision-enhanced a radiative transition lends intensity to the transitiorr&. Both radiative
transitions are bimolecular processes. For the pure solvents, the second-order rate ddpstaotselate
roughly with the square of the molar refractiBof the solvent. If the effects of the solvent refractive index,

of the collision frequency, and of the dependence of the probalBillity of the collision-induced radiative
transition per collision on the size of the collider, are removed, a direct and linear proportionality of the
transition moment of the collision-induced emission with the collider’'s molecular polarizability is discovered.
For mixtures ka—x is additively composed of the contributions of the individual components. These results
explain for the first time consistently and quantitatively the solvent effectk.on

Introduction diluted gas at 1908 nm with the very small radiative rate constant
_ ] _ kp—-a = 2.5 x 103 57120 Minaev showed that the b~ a
Two excited singlet states;By* and dA, lie closely above  ransition gets considerable dipole character in collisions.
the X2y~ triplet ground state of @' Since transitions between  gegcause of the strong spiorbit coupling of @, the X ground-
any two of these three states are of the ty’pg.ghe.y are striptl;_/ state acquires som&," character. Therefore, the & X
forbidden by the selection rules for electric dipole radiation. {ransition should profit from the collision-induced enhancement
Spin—orbit interaction leads to a magnetic dipole character of 5f the b — a band by intensity borrowing, leading to the
the a— X phosphorescencewhich occurs for the isolated  prediction of proportionality of the rate constants of the
molecule at 1269 nm with the very small radiative rate constant respective collision-induced radiative processes for a given

ka-x = 2.6 x 107 s7.%kax is by several orders of magnitude  collider1819We recently presented compelling evidence for the

larger ig_golut?on and \garies from about 0.2, to 4 s* validity of Minaev's perturbation modéf. Moreover, we
(CH%AI?% HSOQ"PV et al’ compiled their own and literature  gemponstrated that second-order rate constgntsandk’_, of
data™® "= Their analysis revealed no correlationsgfx with the collision-induced radiative transitions depend in a very

the dielectric constan¢ or functions ofe. However, rather  gimijar way on the molecular polarizability of the collider. Both
st:nootr and u?war.d qu\éed empl.rlhc?l Corlrelatlofnkap& W'tr:] kf,,a and kg,x have been found to be nearly proportional to the
the solvent refractive indem or with functions ofn, €.9., the 4,316 of the molar refractioR of the coliider, indicating a

o 5
bulk pol?jrlzk?bllltyPh— (n | 1)/(n + Z)ISaS be fogné.ltwas | direct proportionality of the induced transition moments with
proposed that such correlations could be used to accuratelyy,o ¢qjiger's molecular polarizability. Despite these results,

Eret_jlct va!ues_ Oka”f for slolvents notyet mgtisﬂgated.lHowevelr ' MinaeV’s perturbation model is still not generally accepted. The
y Investigations in solvent mixtures, Bilski et al. recently ossibility of interpreting the anomalous dependence of the first-
presented some evidence that a ge_neral smoo.th correlation of 4er rate constamt_x on the bulk polarizability in mixtures

ke—x with P apparently does not exist.Speculation that the of D,O and acetonitrile on the basis of our findings by means

s oreneer eaon T e e, . O seConG-rdr e consak, of boh components vias
9 ' 9 ignored?® Instead, it was speculated that specific interactions,

solvent as a hor_r!ogeneous and isotropic dielectric me8ium, i.e., complex formation between,®A,) and thex bonds of

could.not be ver|f|ed._ ) the —CN moiety, could be the reason for the anomalous
A different perspective of the solvent effectlenx considers  pehavior ofk, x. Therefore, we felt that further investigations

the role of bimolecular collisions of £Ag) with solvent would be useful to reveal the physical reason for the solvent

moleculest” The intensity enhancement of the-a X phos-  effects on the b~ a and a— X emissions of @
phorescence was related by Minaev with a corresponding ) )
collision-induced enhancement of thé&Sy" — alA, fluores-  Experimental Details

cence'®1® This emission is allowed only as an electric quad-  CCly (Acros, 99+%), C;Cls (Merck, Uvasol 99.8%), §Cle
rupole transition for the isolated molecule and occurs in the (Fluka, 97%), C% (Fluka, 99%), CHOH (Riedel-de Haen,

10.1021/jp984458n CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/20/1999



2600 J. Phys. Chem. A, Vol. 103, No. 15, 1999 Schmidt et al.

99.8%), CHC} (Aldrich, 99.8%), and @He (Aldrich, 99+%) Q, (TET) =

were dried by column chromatography ¢8). DO (MSD 5

Isotopes, 99.9 at. %) was taken as supplied. The rest of solvents  T1270aN(TET) Qux(BNZ)QA(BNZ) [, (TET) dt
used for the investigation of LLAy) were of highest purity
available and used as received. '?’he singlet oxygen sensitizer T19402n(BNZ)2Q2(TET)f|a*X(BNZ) dt
phenalenone (Aldrich, 97%) was purified by column chroma-
tography (CHCly/silica gel). Go (Fluka, 98%t) was taken as
supplied. In the investigation of £H=Z4) the solutions were
prepared and filled into sample cells in a glovebox under a dry

atmosphere to avoid uptake o_f hum_idity. .These particular have been measured in the same way also,@lcand GCls,
precautions were not necessary in the investigation(fAQ). It was assumed that the val@: = 0.60 determined for PHE

The principal setup for the time-resolved measurements of iy ¢, holds also true in these solvents. The main factor

the b~ X7,2£2: a, and a— X emissions of @ has been i quencing the error limits 0fQy_a is the uncertainty of
described?”: Some changes have been made. We used asQa,x(BNZ) of 4+ 33%5 IR absorption measurements showed

excitation source either an excimer laser (EMG 200) pumped that the solvents CGIC,Cls, and GClg neither absorb at 1930
dye laser (FL 3002) from Lambda Physik (380, 410 nm) or & or at 1275 nm.

Nd:\_(A_G laser (Brilliant) from Quantel with frequency doubli_n_g a— X PhosphorescenceWith respect to Minaev’s theory,
or tripling (532, 355 nm). The sample housing was modified o knowledge of both valuds_, andka_y is of interest for a

and allows now the simultaneous observation of up to three i en solvent SOL. We therefore also monitored the rise curves
emissions. In this way, for example, the formation and decay ¢ the a — X phosphorescence of sample PHE/SOL and

of O('%y") and the rise of @'Ag), its successor in the ofarence PHE/BNZ in dependence of the laser pulse energy.
deactivation cascade, can be followed simultaneously by their ppsq|ute valuese_x(SOL) are obtained from the maximum
corresponding phosphorescence traces at 765, 1926, and 127Ehosphorescence intensitibsx m and Qa(BNZ) = 0.98% by

nm. Three different detectors have been used: (1) a photomul-g; 5" The error limits ofa x(SOL) are determined by the
tiplier (PM R146_34 Hamamatsu) with |r_1terference filter (IF 764 uncertainty ofka_x(BNZ). Since the same standard is used in
nm, half balndxwdth, hbwe= 19 nm) for time-resolved measure- i experiments, its uncertainty cancels in the ratio/ko—z,
ment of O(*%y"), (2) a liquid N-cooled InAs diode J12-D with ~ \yhich have a smaller error limit of abott20%.

preamplifier PA7 (EG&G Judson) equipped either with IF 1940

The lifetimeszs andza of Ox(*=4") and Q(*Ag) in sample and
reference have additionally been determined by monitoring the
respective time-resolved emissions with the PM and the fast
Ge diode through the other emission ports. Quantum y@ids

nm (hbw= 70 nm, transmissions at 1275 and 1588 810.002) N(SOLY,_ (SOL)Q,(BNZ)k, »(BNZ)
for the integral detection of £'=4") or with IF 1279 (hbw= k, (SOL)= — )
52 nm, transmission at 1926 nm 0.002) for the integral n(BNZ) Iafx,m(BNZ)QA(SOL)

detection of Q(*Ay), (3) a fast liquid-N cooled germanium - )

diode (North Coast EO 817P) with IF 1275 (hbw40 nm) for In add|t|c_>n to theks—x/ky,—a measurements, we deter_mlned values
time-resolved monitoring of 'A,). The very fast decaying of. ka-x in several other solvents and in the binary solvent
background fluorescence of the samples at 765 nm was separatefixtures HO/acetone, acetone/ds, and CHOH/CHCk. Some
from the extremely weak but slowly decaying— X phos- precautions were necessary in these experiments. The solubility
phorescence by means of a difference techngée The of Oz is only small in HO. Therefore, in air-saturated,@ the
emission experiments were averaged when necessary. WitHime constant of the rise of 4A) is only by about 1 order of
exception of HO we always used air-saturated solutions. The Magnitude smaller than the;@A) lifetime za. Then, la—xm is
experiments have been performed at room temperature byNo longer proportional to the initial concentration of(&\).
varying the laser pulse energy. Only energy independent results!n this case, we substituteg x (SOL) in eq 2 by the value of
are reported. Infrared absorption measurements have been donf€ entire integrated &- X emission intensity divided bya.

with a Perkin-Elmer Lambda 19 spectrophotometer. Of course, we also measured oxygenated solutions to shorten
the rise time in HO. Both procedures gave the same results,

indicating complete quenching of the triplet state of PHE by

Results O, in air-saturated bD. The consideration of the solvent
b — a FluorescenceThe quantum yield,—5(TET) of the absorption in the range of the-a X emission wavelength is of

b — a emission in CG| which occurs at 1926 nm, has been importance for solvent molecules with-@ and O-D bonds,

determined in relative measurements using the 4 emission since these solvents exhibit significant vibrational overtone

in CgHg at 1277 nm as reference, as previously described in absorption. We measured at 1275 nm absorbances per centimeter
detaill” For the reference system we recently fo@dx(BNZ) of 0.475 (HO), 0.148 (CHOH), 0.082 (CECH,0OH), and 0.068

= (4.74 1.7) x 10755 which corresponds th,_x(BNZ) = 1.5 (D20O). Therefore, these solvents and mixtures with them act as
+ 0.5 s, if the O)(*Ay) lifetime of 31 us in benzene is an inner filter for the a— X emission. It was checked that the
considered. Both emissions were isolated by filters IF 1940 or absorbance due to overtone absorption follows Larmtigger's

IF 1279. Hereby we took advantage that the InAs detector usedlaw in solvent mixtures. The rest of investigated solvents do
behaves as a quantum counter in the respective wavelengtmot significantly absorb in this wavelength range. To reduce
range. Phenalenone (PHE), which sensitize$'X3") with the inner filter effect and the corresponding necessary correction,
quantum yieldQx(TET) = 0.602% and Q(*Ag) with quantum the defocused laser beam had to pass through a slit of 2 mm
yield Qa(BNZ) = 0.98 2* was used in these measurements. width, whose center was only 2 mm apart from the observation
Sample (PHE/TET) and reference (PHE/BNZ) solutions were window of the cuvette. We took PHE as sensitizer in these

optically matched at the excitation waveleng@y—(TET) is measurements. PHE is a universal reference compound with a
obtained from the ratio of the excitation energy normalized and practically solvent independent value 6. We recently
integrated signal$,—, and l,—x by eq 1, wheren(TET) and determined for 13 different solvents of very different polarity
nN(BNZ) are the refractive indices afdysos andTi2704 the filter and for mixtures HO/methanol 0.94 Qu < 1.00%* Therefore,

transmissions for the b> a and a— X emissions, respectively.  we used for all the liquids with PHE the val@@, = 0.98 of
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TABLE 1: Solvent Effect onthe b—aand a— X
Radiative Transitions of O.¢

Ka—x/
sol- Qbfayd 738 kp-al Kax,? Kp-af

kg_ d g P,
vent 104 ns 1Ps! si 104 M fst M‘fs‘1 eV
CClg2 45 130 3.4 1.1 3.2 330 0.11 11.47
CCl 3.3 150 2.2 1.2 5.6 210 0.12 11.47
C,ClgP 6.3 200 31 1.9 6.0 320 0.18 9.32
C4ClgPc 2.2 90 2.4 1.8 7.8 380 0.29 9.2

aReference 174exc = 337 nm.P This work, Aeyxc = 380 nm.¢ This
WOrK, Aexe = 410 nm.9 £33%. ¢ £10%.f £20%.9 Each result is the

mean value of at least five series of laser pulse energy dependent

experiments.

TABLE 2: Solvent Effect on the a— X Radiative Transition
of 0O,°

R« Vvqub

Ka-x,2 % mL mL

solvent st n M-1s1 Pax mol~1 mol?
DO 0.206 1.3384 0.00375 1.3710* 3.67 115
H,O 0.209 1.3328 0.00378 1.3410* 3.71 115
CH3OH 0.390 1.3290 0.0159 5.3610* 8.29 217
CS* 3.14 1.6270 0.189 4.4% 10718 21.3 31.2
CRCH,OH 0.331 1.2900 0.0241 8.5310 13.2 38.8
CHsCOCH; 0.543 1.3585 0.0399 1.1¥10% 16.2 39.0
CHCl; 0.96 1.4480 0.0770 2.141018 215 41.8
CeHs 1.50 1.5010 0.133 3.09 1018 26.2 48.4
CCl, 1.17 1.4595 0.113 2.9% 1013 26.4 49.8
CH.l ¢ 4.08 1.7430 0.329 6.2 10718 32.6 50.9
C,Cly 1.89 1.5056 0.193 458 10718 30.3 56.5
CeHsl® 2.61 1.6190 0.291 5.66 10718 39.1 65.0
C4Clg 1.85 1.5550 0.290 5.39 108 50.3 90.1

aUncertainty +5% relative tok,—x(BNZ) = 1.50; uncertainty of
absolute value is-33%. P Reference 34; sensitizesCsq, in the rest
of solvents PHEY Reference 8¢ Each result ok, is the mean value
of at least 5 series of laser pulse energy dependent experiments.

CeHs. Since the absorptions of iodobenzene and €8end
beyond 410 nm into the visible range, we took, @ith 532

J. Phys. Chem. A, Vol. 103, No. 15, 1992601
4| i
3b ° .
Iw
\>1< 2 YA i
xm
1F ]
c 1 1 1 O IO 1 1 1 1
000 005 010 015 020 025 030 035 040

(nZ-1)(n%+2)

Figure 1. Correlation ofka—x with the bulk polarizabilityP of pure
solvents: (curve) polynomial fikg-x = 0.798-13.08 + 52.96P? s7%)
to the data of Table 2 (open circles); (solid circkg)x in the diluted
gas.

excitation energy, respectively>26Because of the mixing of
the B=4t and XZ;~ states, the a> X transition can profit
from the collision-induced enhancement of the-ta transition

by intensity borrowing. Minaev obtained for the corresponding
transition momenM ,_x = —CMp_,, leading withEy, = 7882
cm1to eq 3. Thus, in the simple form of the theory the ratio
Ka—x/kn—a Should in principle be determined by the SOC constant
of 0O,.

Ko x _ CZEAS
Ko-a (Ey— E,)°

®3)

With the theoretically derived coefficie@ = 0.0134 the ratio
ka—x/kp—a is calculated to be 6.k 1019 We obtain experi-
mentally moderately varying ratidg—x/k,—s; see Table 1. The

nm excitation as sensitizer for these solvents, assuming that theAverage ratio for the three solvents investigated is 60~

valueQa = 1 determined in benzene and toluétis also valid
for other solvents.

Tables 1 and 2 summarize our results for the pure liquids.
The rate constantg_x determined in this study should be much

more certain than our previously published values, since we : s k -
t the simple theory predicts the magnitude of the rigio/kp—a.

(2) used only the superior time-resolved These results confirm Minaev’s basic idea that the rate constant

(1) employed with PHE a sensitizer with a solvent independen
quantum yieldQa,

techniques, and (3) had better laser systems. Considering th’ the a—

experimental uncertainties of our earlier published; data’
we observe for BO (old: 0.30 s') and CS (old: 1.0 s?,

The phonon-induced radiative transitions-aX and b— a
dominate &5 K in solid Ar, where Becker et al. determined
kax = 1.27 x 102 s andkp—a = 41 s1.2” From these data
Ka—x/Ko-a = 3.1 x 107* results. Although we find not the
constant ratio expected from eq 3, it is still surprising how good

X transition borrows intensity from the collision-
induced radiative processesb a via SOC.
Minaev showed in a more refined treatment that charge-

steady-state luminescence measurement without sufficient con-ransfer interactions between the collider andsBould lead to

trol of 7a) large changes. Inspection of thg x compilation
reveals a significant difference only for gEH,OH (0.17 s1).8
The reason for this large deviation is not known.

Discussion

Intensity Borrowing. According to Minaev, collisions induce
different dipole moment#l, andMy in the MOsmyx and gy
of O, as a result of an admixture of the collider's MOs. Hereby,
electric dipole character is induced into the-ba transition.
Quantitatively, the transition moment of the collision-induced
b — a transition should be determined by the difference of the
induced dipole momentsMy 5 = 0.5Myx — M,).1® Since the
spin—orbit coupling (SOC) of oxygen is strong, the3%~
ground state of @has some &4 character. The admixture
coefficient is given byC = &/Es, wheref = 176 cnt! andEs
= 13121 cm? are the SOC constant of,Gand the Byt

an additional but minor enhancement of the~aX radiative
transition!® Therefore, an increase kf x/k,-, With decreasing
ionization potential (IP) of the collider could be expected. A
closer inspection demonstrates that the vakgesand the ratios
ka—x/Ko—a increase with decreasing IP in the series £t
C4Cls. Thus, an additional source of intensity enhancement of
the a— X transition could actually be operating.

Solvent Dependence of the Rate Constank,-x. We
measured rate constards « in several pure liquids of varying
bulk polarizability P and in the binary solvent mixtures,&/
acetone, acetoned8s, and CHOH/CHCL. In Figure 1 we plot
first-order rate constants,_x determined in pure liquids \B.

A rather smooth and slightly upward curved correlation is
obtained, very similar to those shown in ref 8. However, no
continuous smooth fit of functions &f to the data is possible,

if we also include the gas-phase vakiex = 2.6 x 1074 s71

at P = 0;% see the solid circle in Figure 1.
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16 ' ' ' ' Kox = kg—X,A[A] + kg—X,B[B] (4)
0O H,Ofacetone X
<O acetone/CgHg [A] = A 5
25 CHZOH/CHCI,4 | XA(Vm,A - Vm,B) + Vg T AVe ©)
" sl ] of the mixture, respectively. Finally, the bulk polarizability of
> ’ a mixture is calculated with rather high certainty by eq 6 from
& the molar refraction® = Viy(n? — 1)/(n? + 2), with Vi, being
~ the molar volume?
04t .
P=Ru[A] + Rg[B] (6)
00 1 1 1 " 1 "
0.20 0.22 0.24 0.26 0.28 0.30 The accuracy of the calculated dataPfis high, even for
(n2-1)(n2+2) mixtures with anomalous dependenceRobn the component

i . . - concentration. This is exemplarily verified for the mixture of
Figure 2. Correlation ofk.-x with the bulk polarizability of solvent ton d f hich th fractive inder?® I
mixtures; experimental error of thg_x datat+5%. The graduation in acetone gn 30130’ orw ',C € refraclive 'n er~as we gs
the mixture composition is always 10 wt %; the connecting lines are the densityo™® have precisely been determined as a function of

calculated according to eqs 4 to 6. For details, see text. the mixture composition. Table 3 compares value® dlased
on the experimental data of with bulk polarizabilitiesP¢ac
Actually, no general form of correlation &f-x with P exists, calculated by egs 5 and 6 with the values/d¥qy, whereby

even if we consider only solution phase data, as is demonstratedhe latter are derived from the concentration dependent density
by the corresponding plot ¢&¢—_x vs P for the solvent mixtures ~ data. The experimental maximum &fin the concentration
shown in Figure 2. In contrast to the slightly upward curved dependence is actually reproduced by the calculation. The
correlation for the pure liquids of Figure 1, we see in Figure 2 maximum deviation oPcac from P amounts to only 0.0009 or
different forms of correlations df,_x with P: a linear variation 0.4%. Using the older data ofandp determined by Drude at

of ke—x for acetone/@Hs, and two strongly bent anomalous 16 °C for the mixtures HO/acetone and acetongH results
curves for HO/acetone and C#H/CHCL, both even passing  also in only small deviations d®cac from P. These amount at
through a maximum oP. A similar anomalous dependence of maximum to 0.4% (kHO/acetone) ane-0.4% (acetone/gHs).5!

ka—x on P was already recently found by Bilski et al. forO/ These findings demonstrate that the calculation of the bulk
acetonitrile’® Thus, correlations such as the one of Figure 1 do polarizability leads to reliable results, if it is based on the molar
not reveal the actual physical processes causing the solvent effectefractions of the components and ANy data. We therefore

on Ka—x. calculated the values & for the mixtures by egs 5 and 6 and
Bilski et al. reported that the value &_x in H,O should the AVex data resulting from literatur®:32.33
only be about half the value inJD.16 This result is wrong. It The different forms of correlations ¢¢—x with P in Figure

was neglected that 4@ and to a minor extent also,D absorb 2 are simply caused by the different molecular interactions
in the wavelength range of the-a X emission, vide supra. In  between the components of the three mixtures. The anomalous
fact, we determine for D and RO the same values ¢ x, dependences d&-x on P in HO/acetone and C#©H/CHChL
if we correct for this inner filter. The very steep dependence of are the consequences of strongly attractive interactions, which
ka—x on P presented by Bilski et al. for fD/acetonitrile, passing lead to distinctly negative excess volumA¥e,. For HO/
also through a maximum &, is only slightly perturbed by the  acetone the maximum value AVexcamounts at 28C to—1.6
neglect of the weak inner filter of fO. This anomalous variation ~ mL (70 wt % acetone) (see Table 3), which is significant
of ka_x with P was interpreted by the assumption of specific compared with the molar volumes 73.5 mL mbiacetone)
interactions betweenJAg) and acetonitrile. It was speculated and 18.0 mL mot? (H20).° For CHOH/CHCk the solvent
that complex formation between,(®Ag) and thesr bonds of contraction at 28C is even larger with the maximum value of
the —CN moiety could be the reason for the very strong increase AVex— —8.6 mL (59 wt % CHOH), compared withvy, = 40.7
of ke—x with the concentration of acetonitrile in the mixtdfe. = mL mol~! (CHzOH) andVy, = 80.7 mL mot! (CHCl).32 In
However, this actually is not the case. Having realized that contrast, the mixture acetongis behaves at 20C almost
the collision-induced a> X emission is a bimolecular process, ideally with the maximum value oAVex= —0.07 mL (40 wt
it can very easily be shown that the anomalous dependence of% acetone§?
ka—x On P in solvent mixtures is not the consequence of some  The two curves and the straight line connectingkhs data
specific interactions between,@Ag) and a mixture component  of the pure mixture components, which are drawn in Figure 2,
but instead only caused by specific interactions between the match the experimental rate constaktsc of the mixtures quite
components of the mixture. Second-order rate constdnts well. It should be noted that they are not results of fits but simply
of the collision-induced a~ X radiative transition have been calculated using eqs-46 and the values df._, andR, given
calculated from pseudo-first-order rate constégts using the in Table 2, taking into account the literature data\¥eye 33233
molarity of the pure liquids. These data are listed in Table 2. Thus, anomalous as well as almost ideal behavior is reproduced
Collisions of Q(*Ag) with molecules A and molecules B without inferring specific interactions of Ay with some
contribute independently to the overall probability of the component of the mixture. The interactions a{*y) with the
radiative transition in mixtures of solvents A and B. Each colliders, which induce the a> X radiative transition, are
contribution is given by the product of the second-order rate already included in the corresponding bimolecular rate constant
constant and the corresponding concentration. Thus, eq 4 holds_,. The results of the solvent mixtures definitely demon-
true for ky—x. Equation 5 gives the molar concentration of strate the bimolecularity of the emission process also in the
component A in the mixture, whers@ andAVey are the molar liquid phase. We conclude that eq 4 can also be used to calculate
fraction of A and the concentration dependent excess volumevalues ofks—x in compressed gases and gas mixtures.
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TABLE 3: Comparison of Experimental and Calculated " L T T T
Bulk Polarizabilities of Mixtures of Acetone (ACT) and H,0
at 25°Ca

ACT Pib AVexq, [ACT], [HZO]r
Wt % XacT n& P gmLl mL M M

00 1.3326 0.2055 0.9971 0.000 0.000 55.331 0.2055
10 0.0333 1.3401 0.2097 0.983%+0.248 1.693 49.098 0.2097
20 0.0720 1.3470 0.2135 0.96960.538 3.339 43.043 0.2138
30 0.1174 1.3529 0.2168 0.9549-0.840 4.932 37.092 0.2175
40 0.1714 1.3579 0.2195 0.937%+1.101 6.454 31.202 0.2203
50 0.2368 1.3609 0.2212 0.9169-1.316 7.893 25.440 0.2221
60 0.3176 1.3635 0.2226 0.89461.470 9.242 19.858 0.2232
70 0.4199 1.3645 0.2232 0.871%1.559 10.499 14.502 0.2237 25
80 0.5538 1.3638 0.2228 0.8456-1.460 11.638 9.378 0.2231

051 O small colliders
B medium colliders
large collider

calc

log (k% /M™'s™

1

90 0.7363 1.3616 0.2216 0.81651.053 12.652 4.531 0.2215 0.50 075 100 125 180 175
100 1 1.3570 0.2190 0.7849 0.000 13.514 0.000 0.2186

_ o log (R / ml mol ")
a Experimental refractive indicesat 25°C;? values ofP calculated

from n. P Densitiesp at 25°C are interpolated values of density data  Figure 3. Double-logarithmic plot ok;_y vs the molar refractiofR

measured at 20C and 40°C;30 excess volumeA Ve, calculated from of collider; data of Table 2. The straight lines represent linear least-
p at 25°C; concentrations [ACT], [D], and bulk polarizabilitie®cac squares fits to the data of the small (1) and medlum_S|ze (2) colliders:
calculated by eqs 5 and 6 on the basis of the datA\f. (1) slope 2.21+ 0.15; (2) slope 2.4% 0.20. For details, see text.

A closer examination shows that for the mixturegttacetone  ations. If only the data of the medium size colliders with van
and CHOH/CHCE only the bulk polarizability? passes through ~ der Waals volumes 38.& Vygw < 65.0 mL mof?! are
a maximum value with increasing concentrations of acetone or considered (see Table 2), our fit yields = 2.49+ 0.20. The
CHClz but not the rate constak{-x, although eqs 4 and 6 have  resulting straight line is drawn in Figure 3. The data for the
the same formal concentration dependence. The reason for thafour small colliders HO, D,O, CHOH, and C$, with Vygw <
different reaction on the volume contraction of the mixtures 31.2 mL mot! lie all distinctly above this straight line but still
lies in the very different magnitude of variation lof x andP. correlate similarly strong with log), as is demonstrated by
Because of the large increase kaf x (by 160% and 145%, the corresponding fitted straight line with slope= 2.21 +
respectively), the volume contraction of the mixture can only 0.15. In contrast, the value for the large collideQ (Vyaw =
cause a moderate deviation from linearity in the concentration 90.1 mL mot?) lies distinctly below. Obviously, there are also
dependence d,—x. In contrastP increases only very little (oy ~ other factors besides the molecular polarizability influencing
7% and 31%, respectively). Therefore, the concentration the values ok’ ,. A possible effect of the collider polarity on
dependence d? deviates strongly from linearity, leading even £ however, is completely hidden behind the dominating
to maximum values. effect of R

Mechanism of the Solvent Perturbation of the a— X (1) We have to keep in mind that the investigations were
Radiative Transition. The solvent dependence of the second- one in liquids of strongly varying refractive index: 1.2

order rate constantg_, is strong. The data of Table 2 vary by < 1.743. The effect of the refractive index of the surrounding

a factor of about 100 from 0.0038 {D) to 0.33 M* st medium on the radiative rate constant was experimentally
(CHzl2). The question arises, which parameters determine this investigated by the comparison of the absorption spectra of
large variation of_,? The strong enhancement of the-ba 9-methylanthracene in the vapor phase and in cyclohe¥ane.

fluorescence is a consequence of the electric dipole characterThe results strongly support the proportionality of the radiative
of the b— a transition in collisions, caused by the admixture rate constant wittm2.
of the colliding molecule’s orbitals to theg x andsgy MOs of (2) We deal with real molecular colliders of different size,
0.19 Starting from this fundamental concept of Minaev, we shape, and mass, which leads to different collision frequencies.
showed that this asymmetrical transient charge shift dependsFurthermore, the colliders are composed of atoms with in part
on the molecular polarizability of the colliding molecule, which  very different atomic polarizability (atomic refraction). There-
is expressed in the range of optical frequencies by the molar fore, the mobility of electron density varies not only with the
refraction R. By the analysis of two different data sets we collider but also with the atomic position on the collider
recently foundk:_, proportional toRs. Using only our own molecule. We see no possibility to consider such variations in
data? we determined the exponesito be 1.71+ 0.08. With a general analysis df_, data. However, we can account for
the data of_, calculated from the compilation of Ogilby et  variations of the normalized collision frequengyby eq 7 , if
al® we obtaineds = 1.934 0.1017 Since the fitted exponents
of Rwere only a little smaller than 2, we concluded that for a Z = do "N,/ 87k Tl @)
hypothetical set of colliders of the same shape, size, and mass
but of different molecular polarizability, for which collision we approximate the colliders and @s Spheres_ In eq(yocz
distance and collision frequency would be constant, a pure (do, + dc)/2 andu are the collision distance and the reduced
quadratic dependence dhshould exist. Then, the collision-  mass of the colliding pair, which can be calculated frdgn=
induced transition moment would directly be proportional to 345 A, dc = (6Vigw/7Na)Y3 and the respective molecular
the molar refractiorR. weights.Na is Avogadro’s numberk the Boltzmann constant,
Figure 3 plots the data of;_, of Table 2 in a double-  andT the Kelvin temperature. The collision frequency in the
logarithmic plot vsR. A linear least-squares fit through all the  liquid phase is by the value of the pair distribution function at
data results in a straight line with sloge= 1.84+ 0.12 (not a contact distance larger than the gas-phase VatBidssuming
shown). Thus, a general strong correlation of kjgg) with the model of hard sphere liquids, such values could be estimated,
log(R) exists, in agreement with our previous investigation. if the compressibilities of the liquids were knowf¢However,
However, a closer look on the data reveals significant gradu- since for several of the investigated solvents compressibility
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Figure 4. Double-logarithmic plot off(R) vs the molar refractionir
of collider. Straight line represents linear least-squares fit with slope
2.06+ 0.08 and intercept-14.30+ 0.09. For details, see text.

data are lacking, we only can calculate the normalized gas-phas
collision frequency, which varies from 16 10! (D,0) to 2.2

x 101 (C4Clg) M~1 s71, Using these numbers, extremely low
probabilitiesP.-x = k:_,/(Zn?) of the collision-induced radia-
tive transition per collision, which are normalizedrte= 1, are
obtained, ranging from 1.4 10714 (H,O) to 5.7 x 10713
(C4Clg).

(3) The effect of collider size on lokf ), illustrated in
Figure 3, can be understood if the mechanism of the collision-
induced radiative transition is considered. Only those MOs of
the colliding molecule, which overlap with the, x andzgy, MOs
of Oy in the collision, strongly contribute to the enhancement
of the a— X radiative transition by a transient shift of electron
density. Those MOs, which are farther away from i® the
collision complex, of course, contribute less or nothing. If we
compare a small and a large collider of the same valuR, of
the molecular polarizability has therefore a smaller effect in the
case of the large collider. This is the principal reason, in Figure
3, why the data of lod€_,) of the small colliders all lie above
the straight line, fitted to the medium size colliders, and the
log-

(K_y) value of the large collider lies below. Therefore, the
probability P,—x of the collision-induced radiative transition per
collision depends not only on the molecular polarizability but
also on the size (actually the molecular structure) of the collider.
If we consider in our generalizing analysis the colliders simply
as spheres of uniform polarizability, the transition probability
still depends at least oR and Vygw. We approximatd®,—x =
f(R)g(Vvaw) as a product of two functions, whereby the functions
f(R) andg(Vvaw) separately describe the dependenceB.0k

on the molecular polarizability and on the size of the collider,
respectively. Different empirical functiong(Vyqw) could be

e

Schmidt et al.

is proportional tdvyqw?3. The transient shift of electron density
into the 7qx and gy MOs of O, can only take place in the
small contact region of ©and collider, where the MOs mutual
overlap. As long as the area of the contact region is constant in
the series of colliders, its relative magnitude varies with the
collider size approximately proportional ¥gaw~23. Therefore,
9d(Vvaw) = Vuaw 2R is proportional to that part of the collider
polarizability, which becomes effective in the collision-induced
a— X radiative transition.

The linearity of the correlation of loffR)) with log(R) shows
that a correlation of(R) with R with zero or only a negligible
intercept exists. The slope of the linear least-squares fit of Figure
4 amounts te = 2.06+ 0.08. Thus, the analysis of the double-
logarithmic plot reveals thd(R) ~ R?. After having removed
the size dependence Bf-x, we realize that the probability of
the collision-induced a> X emission is directly proportional
to the square of the molecular polarizability of the collider. Since
radiative rate constants are proportional to the square of the
transition momentM, we finally find the direct and linear
proportionalityM o—x ~ R for the bimolecular radiative transition
as the principal reason for the solvent effectkgrk. Of course,
also other but minor important sources of intensity enhancement
may contribute, vide supra.

This result is surprisingly simple but seems rather reasonable.
Minaev derivedMp—5 = 0.5My — My) andMa-x = —CMyp—,,
wherebyM, and My are the dipole moments induced into the
7gx andrgy MOs of G, during the collisiont® Therefore, the
transition moment of the a> X transition depends indirectly
but also linearly on that differencel,—x ~ (Mx — My). Our
experimental resuM ,—x ~ R demonstrates that the difference
of the induced dipole moments linearly depends on the
molecular polarzability of the colliderObviously, a transient
shift of electron density from MOs of the collider to the only
partially filled 7gx andzgy MOs of G, occurs.

Dipole moments can be induced not only by this pure
dispersion interaction but, of course, also by induction interac-
tion of permanent collider dipole moments with the nonpolar
O, molecule. This induction interaction, which depends on the
molecular polarizability of @ also leads to a different polariza-
tion of thesrgx andsgy MOs and should therefore also contribute
to the enhancement of the radiative transitions. However, since
any polarity effect disappears behind the strong dependence of
K_, on the molecular polarizability of the collider, the pure
dispersion interaction must be much stronger than the induction
interaction. Actually, calculations performed for simple mol-
ecules show that dispersion interactions are much stronger than
induction interaction8?

Conclusions

Although we have not performed theoretical calculations, our

assumed. Only those are expected to be realistic, for which thegeneralizing analysis of the experimental data revealed the

correlation off(R) = Pa—x/g(Vvaw) Vs R becomes independent
of the collider size. Figure 4 plof$R) in a double-logarithmic
plot vsR. A smooth linear correlation results. The linear least-

principal mechanism of the solvent perturbation of the-&X
radiative transition. According to Minaev, two effects cooperate
in the collision-induced emission process. (1) The asymmetric

squares fit of all the data now also describes the data for the shift of electron density from the collider into thgx andsgy

small colliders HO, D,O, and CHOH reasonably well; compare
Figure 3. Only two values, one for a large4(s) and one for
a small (C9) collider, still moderatly deviate from the straight
line. Thus, the empirical functiog(Vyaw) = Vuaw 23, which
has been used in the calculation of tiiR) data of Figure 4,
reasonably accounts for the size dependende,of.

The physical meaning of the size correction functgf,qw)

molecular orbitals of @induces electric dipole character into
the b— a transition. (2) Because of the strong SOC ¢f the

a— X transition profits directly from the enhancement of the
b — a transition by intensity borrowing. This theoretically
derived result is confirmed by our experiments. We have shown
that the perturbed radiative transition is clearly a bimolecular
process, also in the liquid phase. For mixtuigsy is additively

can be understood, if the colliders are considered as spheres otomposed of the contributions of the individual components.

uniform polarizability. Then, the overall-surface of the collider

Hereby, each contribution is given by the product of concentra-
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tion and corresponding second-order rate conskant. For

pure solventsk’_, correlates roughly with the square of the
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of the solvent refractive index, of the collision frequency, and

of the dependence of the probability of the radiative transition
on the size of the collider are removed, it is discovered that the
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transition increases with the square of the molecular polariz-

ability of the collider. These findings explain for the first time
consistently and quantitatively the solvent effectkqan.

Since the a~ X and b— a emissions are closely connected
by SOC, we expect that the directly induced dipole strength of
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of the gas-phase data ¢f_, of Fink et al.?0 which we
previously performed’ Experiments on the solvent effect on
K;_, including solvents in which the lifetime of £=4") is

too short for emission experiments, have now become possible

by means of measurements of the transient la absorption of
O(*Ag) in solution#142 These experiments will show whether
such expectations are justified.
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