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Fluorescence emission behavior is reported for 1,1'-binaphthalene, 2,2'- 
b inaphthalene ,  9,9'-bianthracene, 9,9'-biphenanthrene, 1,1'-methylene- 
bisnaphthalene, and 1,1',2,2'-tetrahydro-5,5'-biacenaphthylene dis-  
solved in organic nonelectrolyte solvents of varying polarity, refractive 
index, and dielectric constant. Fluorescence measurements are used to 
classify the six bipolycyclic aromatic hydrocarbon (bi-PAH) solutes as 
either solvatochromic probe or nonprobe molecules, depending upon 
whether measured fluorescence properties vary with solvent nature. Of  
the bi-PAHs studied, only 9,9'-bianthracene exhibited probe character. 
Possible correlations between 9,9'-bianthracene's maximum intensity 
emission wavelength and select functions of solvent refractive index and 
dielectric constant were examined. Also reported is the effect that ni- 
tromethane has on bi-PAH fluorescence emission intensities. 

Index Headings:  Fluorescence; Molecular structure; Spectroscopic tech- 
niques. 

INTRODUCTION 

Identification and quantification ofpolycyclic aromatic 
hydrocarbons (PAHs) in unknown mixtures require ac- 
curate fluorescence emission intensity measurements, as 
well as the availability of a large spectral data file for 
comparing the unknown's spectrum against PAH stan- 
dards. The majority of  mixtures commonly encountered 
contains several isomeric pairs or structurally similar ar- 
omatic compounds, which emit in approximately the same 
spectral regions. Kalman filtering and Gaussian or other 
curve-fitting techniques, ~-6 alone or in combination with 
phase-resolved 7-9 or synchronous scanning 1°-~8 fluores- 
cence spectroscopy, theoretically allow uncoupling of 
overlapped spectra. Such methods become less reliable, 
however, as the number of  mixture components increas- 
es. High-performance liquid chromatographic (HPLC) 
separation prior to fluorimetric analysis affords a viable 
alternative, but again the method is extremely time-con- 
suming whenever large numbers of isomeric compounds 
are present. 

Bliimer and Zander ~9 recommended that nitromethane 
and/or nitrobenzene could be added to a water/aeetoni- 
trile (20:80 by volume) binary mobile phase to selectively 
suppress fluorescence signals of  alternant PAHs. Emis- 
sion intensities of nonalternant PAHs would remain un- 
changed. Solutes are classified as alternant PAHs if every 
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alternant carbon atom in the aromatic ring system can 
be "starred". Nonalternant PAHs, on the other hand, 
would have at least one pair of  adjacent starred atoms. 2°,2~ 
Published studies 22-29 involving over 80 PAHs have iden- 
tified dibenzo[hi,wx]heptacene, benzo[k]fluoranthene, and 
naphtho[2,3b]fluoranthene as among the few exceptions 
to the so-called nitromethane selective quenching rule in 
the PAH6 benzenoid, fluorenoid, fluoranthenoid, and 
"methylene-bridged" cyclopenta-PAH subclasses. More 
recent measurements  3o revealed that n i t romethane 
quenched fluorescence emission of  all nine acenaphthy- 
lene derivatives studied thus far, which is completely con- 
trary to what would be expected on the basis of  the fact 
that the nine solutes are nonalternant PAHs. 

Although a large spectral data file now exists for several 
subclasses of  polycyclic aromatic compounds, we have 
not reported the fluorescence emission and quenching 
behavior of the subclass that contains the bipolycyclic 
aromatic hydrocarbon (bi-PAH) derivatives. As a con- 
tinuation of our fluorescence s t u d i e s  22-26,3°-38 we have 
measured the fluorescence behavior of 1, l '-binaphtha- 
lene, 2,2'-binaphthalene, 9,9'-bianthracene, 9,9'-biphen- 
anthrene, 1,1'-methylenebisnaphthalene, and 1,1',2,2'- 
tetrahydro-5,5'-biacenaphthylene dissolved in neat ace- 
tonitrile, toluene/acetonitrile (40:60 percent by volume), 
and ethyl acetate/acetonitrile (40:60 percent by volume) 
solvents at different nitromethane concentrations. Mo- 
lecular structures of these six alternant bi-PAH deriva- 
tives are given in Fig. 1. All solutes were also screened 
for possible solvatochromic and/or solvent polarity probe 
character. Fluorescence behavior of 9,9'-bianthracene has 
been extensively investigated before, 39-45 in part because 
the molecule exhibits dual fluorescence resulting from 
"twisted intramolecular charge transfer" (TICT) excited 
states, and strong spectral overlap of  the TICT band and 
the anthracene-like "locally excited" (LE) fluorescence 
band. In nonpolar solvents such as cyclohexane, 9,9'- 
bianthracene has strong emission signals near 395 and 
4 14 nm, which is indicative of  the locally excited state. 
Significant red shifts are observed in the S~ ~ So fluo- 
rescence in the more polar solvents like acetonitrile, and 
they are attributed to formation of  an excited-state dipole 
with a full electronic charge separation. Because of  the 
perpendicular ground-state geometry, 46-48 the two an- 
thracene moiet ies  in 9 ,9 ' -bianthracene are orbitally 
decoupled 49 and fulfill the "minimum overlap rule", 49-sz 
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FIG. 1. Molecular structures of the bipolycyclic aromatic hydrocarbon 
solutes: (A) l, l '-binaphthalene; (B) 1, l'-methylenebisnaphthalene; (C) 
1,1',2,2'-tetrahydro-5,5'-biacenaphthylene; (D) 5,5'-biacenaphthylene; 
(E) 9,9'-biphenanthrene; (B) 2,2'-binaphthalene; and (G) 9,9'-bianthra- 
cene. 

a precondition for full electron transfer. Fluorescence 
properties of other bi- and tfi-PAHs have been examined 
to a much lesser extent. 53-56 To our knowledge, no one 
has ever reported the effect that nitromethane has on bi- 
PAH fluorescence emission. 

MATERIALS AND METHODS 

Bi-PAH solutes A, B, E, F, and G were highly purified 
samples from the collection of reference substances of the 
spectroscopy laboratory of Riitgerswerke AG, Castrop- 
Rauxel, Germany. 1,1 '2,2'-tetrahydro-5,5'biacenaphthy- 
lene and 5,5'-biacenaphthylene were synthesized and pu- 
rified by procedures described in the chemical literature? 7 
Stock solutions were prepared by dissolving the solutes 
in dichloromethane. Small aliquots of the stock solutions 
were transferred into test tubes, allowed to evaporate, and 
diluted with the solvent of interest. Final solute concen- 
trations of 10 -5 M (or less) were sufficiently dilute to 
minimize both primary and secondary inner-filtering ar- 
tifacts. Solvents were of HPLC, spectroquality or AR 
grade, purchased commercially from either Aldrich or 
Fisher Scientific, and the resulting solutions were opti- 
cally dilute (absorbances < 0.01 cm-l) at all wavelengths, 
except for the nitromethane quenching studies. 

Absorption spectra were recorded on a Milton Roy 
Spectronic 1001 Plus and a Hewlett-Packard 8450A pho- 
todiode array spectrophotometer in the usual manner. 
The fluorescence spectra were run on a Shimadzu RF- 
5000U spcctrofluorometer with the detector set at high 
sensitivity. Solutions were excited at 300 nm (1,1'-bi- 
naphthalene), 304 nm (2,2'-binaphthalene), 360 nm (9,9'- 
bianthracene), 300 nm (9,9'-biphenanthrene), 290 nm 
(1,1'-methylenebisnaphthalene), and 300 nm (1,1',2,2'- 
tetrahydro-5,5'-biacenaphthylene). Fluorescence data 
were accumulated in a 1-cm 2 quartz cuvette at 19°C, am- 
bient room temperature, with excitation and emission slit 
width settings of 15 and 3 nm, respectively. The bi-PAH 
fluorescence spectra, depicted in Figs. 2 and 3, represent 
a single scan which was then solvent blank corrected and 
verified by repetitive measurements. A seventh solute, 
5,5'-biacenaphthylene, could not be studied because the 
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FIG. 2. Fluorescence emission spectra of 9,9'-bianthracene dissolved 
in [A (--. --)] n-hcxadecane; [B ( )] butyl acetate; [C (-- -)] dichloro- 
methane; and [D ( )] dimethyl sulfoxide. 

observed emission o fa  ~ 10 -5 M solution was much too 
weak to permit accurate intensity determination after sol- 
vent blank correction. Absorption measurements indi- 
cated that the low emission signals were caused, in part, 
by secondary inner filtering resulting from solute self- 
absorption of emission radiation. Fluorescence measure- 
ments at slightly higher and lower 5,5'-biacenaphthylene 
concentrations proved unsuccessful. 

Emission intensities associated with the quenching study 
were corrected for primary inner-filtering artifacts arising 
from the absorption of excitation radiation. Several of 
the bi-PAHs have excitation wavelengths in the 280-320 
nm spectral region, and a few drops of nitromethane gave 
solutions having appreciable absorbances. Mathematical 
expressions, computational procedures, and interrogation 
zone dimensions are given elsewhere. 23,25,5~,59 Every effort 
was made to work at solution absorbances _<0.95 cm -l 
(~,m -< 3.0), where the inner-filtering correction equation 
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Fro. 3. Fluorescence emission spectra of l ,l '-binaphthalenc dissolved 
in [A (-- .  --)] n-hexadccane; [B ( )] butyl acetate; [C ( )] dichloro- 
methane; and [D ( - - . - - ) ]  dimcthyl sulfoxide. 
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TABLE I. Refractive index, dielectric constant, and major excitation 
and emission wavelengths of 9,9'-bianthracene for various organic sol- 
vents. 

~ex ~cm 
Organic solvent n . ~h (nm) (nm) c 

n-Hexane 1.3749 1.890 366 394, 411 
n-Heptane 1.3876 1.92 365 394, 411 
Cyclohexane 1.4262 2.023 366 394, 413 
Methylcyclohexane 1.4231 2.02 366 395,413 
2,2,4-Trimethylpentane 1.3915 1.94 365 392, 411 
n-Hexadecane 1.4345 2.04 366 396, 414 
Dibutyl amine 1.4177 2.978 368 s-395, 416 
Carbon tetrachloride 1.4602 2.238 370 s-395, 416 
Dibutyl ether 1.3992 2.8 366 s-394, 414 
1-Octanol 1.4295 10.34 367 s-392, 418 
p-Xylene 1.4958 2.270 368 s-395,418 
o-Xylene 1.5055 2.568 369 s-395, 418 
MTBE ~ 366 s-392, 414 
m-Xylene 1.4972 2.374 368 s-395,418 
1-Pentanol 1.4100 14.27 366 s-396, 435 
Ethyl ether 1.3524 4.335 366 392, 414 
Toluene 1.4968 2.568 369 s-396, 414 
Benzene 1.5011 2.284 370 s-395,419 
1-Butanol 1.3993 17.8 366 s-392, 437 
1-Chlorobutane 1.4021 7.39 366 s-392, 416 
Chlorobenzene 1.5241 5.708 370 s-395,430 
1-Propanol 1.3856 20.33 366 s-395,437 
Cyclohexanol 1.4641 15.77 367 s-400, 434 
2-Propanol 1.3772 18.97 366 s-390, 435 
Ethanol 1.3614 25.41 366 s-392, 442 
Chloroform 1.4459 4.806 370 s-397, 434 
Butyl acetate 1.3942 5.01 366 s-395, 419 
Methanol 1.3284 33.62 366 s-395, 448 
Tetrahydrofuran 1.4071 7.61 367 s-392, 434 
Dichloromethane 1.4242 9.08 368 s-394, 442 
Ethyl acetate 1.3723 6.095 366 s-395, 432 
1,2-Dichloroethane 1.4448 10.4 369 s-395, 443 
Dimethyl carbonate 1.3682 3.084 366 s-392, 435 
4-Methyl-2-pentanone 1.3957 13.11 367 s-394, 438 
1,4-Dioxane 1.4224 2.2 368 s-398, 419 
Dimethyl adipate 368 s-395, 437 
2-Butanone 1.3788 18.51 366 392, 443 
Dibutyl oxalate 368 s-395,434 
Ethylene glycol 1.4318 38.66 369 s-392, 464 
Acetone 1.3587 21.19 366 s-392, 446 
Aeetonitrile 1.3441 37.5 366 s-392, 461 
N,N-Dimethylacetamide 1.4380 37.8 368 s-395,454 
N,N-Dimethylformamide 1.4305 36.7 368 s-395, 458 
Propylene carbonate 1.4210 64.80 368 s-394, 464 
Dimethyl sulfoxide 1.4783 46.7 371 s-397, 464 

a Experimental values taken from the literature at 20°C. 62-65 
b Experimental values taken from the literature at 20"C. 64-73 
c The "s-" denotes a shoulder. 
d Methyl tert-butyl ether. 

is-valid.  Secondary inner-filtering corrections were not 
necessary in the present  since n i t romethane  is "optical ly 
t ransparen t"  in mos t  o f  these b i -P AHs '  emiss ion ranges. 

R E S U L T S  A N D  D I S C U S S I O N  

Representa t ive  fluorescence emiss ion spectra o f  9,9'-  
b ianthracene and 1, l ' -b inaphtha lene  dissolved in n-hex- 
adecane,  butyl acetate, d ichloromethane,  and dimethyl  
sulfoxide are depicted in Figs. 2 and 3. These four non- 
electrolyte solvents were judiciously selected to encom-  
pass the entire Py range of  solvent polarity, f rom the 
nonpola r  n-hexadecane to the modera te ly  polar  butyl ac- 
etate and d ich loromethane  to the very polar  d imethyl  
sulfoxide, which is one o f  the mos t  polar  solvents on the 
Py scale. The  Py solvent polar i ty scale is based upon the 

fluorescence propert ies  o f  pyrene (a known P A H  solvent 
polar i ty probe  molecule) and is defined as the ratio o f  
emiss ion intensities o f  the first and third vibronic  bands,  
i.e., Py = Ii/I3. Inspect ion of  Figs. 2 and 3 reveals that  
the fluorescence emission spectra o fb i -PAHs ,  unlike those 
of  their  P A H  counterparts ,  show little detailed emiss ion 
fine structure. For  m a n y  of  the 45 nonelectrolyte solvents 
considered, 1,1 ' -b inaphthalene,  2 ,2 ' -binaphthalene,  9,9'-  
b ianthracene,  9 ,9 ' -b iphenanthrene ,  1 ,1 ' -methylenebis -  
naphthalene,  and 1,1 ' ,2 ,2 ' - te t rahydro-  5 ,5 ' -b iacenaphthy-  
lene exhibited only a single, fairly b road  emiss ion band.  
Two  simpler  P A H  molecules,  anthracene and phenan-  
threne, have  four and five emiss ion bands  in their  fluo- 
rescence spect rum in the 320-480 n m  spectral region. 6°,61 

Figure 2 documents  that  9 ,9-bianthracene does show 
so lva tochromic  behavior ,  as evidenced by rather  pro-  
nounced changes in the location o f  its emiss ion band.  In 
nonpola r  solvents,  such as cyclohexane,  two bands  o f  
comparab le  intensity were observed at ~ 395 and 414 
nm.  Significant red shifts were noted in the $1 ~ So fluo- 
rescence in the more  polar  d imethyl  sulfoxide solvent. 
Excitat ion wavelength remained  essentially constant  and 
unaffected by solvent  polar i ty (see Table  I). As stated in 
the Int roduct ion,  these part icular  observat ions  have  been 
repor ted  in several previous  publications; 39-45 however ,  
the 45 solvents in Table  I comprise  one o f  the more  
comprehens ive  steady-state fluorescence studies com-  
pleted to date. Our  fluorescence wavelengths o f  ~ k e m  = 

413 n m  and hem -~ 416 n m  for methylcyclohexane and 
l -chlorobutane ,  and  Stoke 's  shifts o f  ~v = (1/kex) -- (1/ 
hem) = 4.9 × 103 cm -~ and 2xv = 5.4 × 103 cm -1 for 
acetone and acetonitrile,  respectively, are in good agree- 
men t  with values of  ~e,, = 422 nm,  ~,om = 425 nm,  2xv = 
3.50 × 103 cm -1, and Av = 4.30 × 103 cm -~ cited in a 
recent paper  by Kabouchi  et al. 43 Slight var ia t ions  in 
wavelength and frequency shifts are to be expected when 
one is compar ing  fluorescence data recorded on different 
inst ruments ,  due to differences in wavelength calibration, 
w a v e l e n g t h - d e p e n d e n t  p h o t o m u l t i p l i e r  d e t e c t o r  re-  
sponse, optical c o m p o n e n t  efficiencies, exci ta t ion/emis-  
sion slit widths and /o r  solvent  b lank correlations. (Note: 
Kabouchi  et a l?  3 gave very little in format ion  in te rms of  
their  exper imenta l  procedure.)  Also, 9 ,9 ' -b ianthracene ' s  
b road  emiss ion band and shoulders make  exact deter- 
mina t ion  o f  ~kem subject to greater exper imenta l  uncer- 
tainty; this factor contr ibutes  in part  to the differences 
noted  between our  Stokes shifts and those repor ted in the 
chemical  literature. For  any given spectrofluorometer ,  
measured  Av values for a series o f  solvents should be 
internally consistent. 

O f  the remaining five b i - P A H  solutes studied, 1,1'- 
b inaphthalene  showed the second-mos t  so lva tochromic  
behavior .  The  observed  10-nm shift in emiss ion wave-  
length, however ,  was much  too small to allow us to ever  
r e c o m m e n d  1, l ' -b inaph tha lene  as a useful solvent  po- 
larity probe  molecule in fluid solution. Pankasem and 
T h o m a s  s3 have  successfully used 1,1 ' -b inaphthalene  as a 
r oom- t empera tu r e  luminescent  p robe  for moni tor ing  ac- 
t ive sites on 7-a lumina.  When adsorbed onto a solid sur- 
face, free rotat ion of  the two naphthyl  moiet ies  about  the 
C - C  single bond  connecting both  a romat ic  ring systems 
is hindered.  1,1 ' -Binaphthalene thus exists in two distinct 
p lanar  conformat ions ,  each o f  which exhibits different 
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FIG. 4. Graphical plot of Stokes shift vs. Lippert Affunction (see Eq. 
1) for 9,9'-bianthracene dissolved in 42 nonelectrolyte solvents listed 
in Table I. The solid straight line was determined via linear least-squares 
regressional analysis using all 42 data points for which n and ~ values 
exist. Dashed lines represent a plausible separation of solvents according 
to fluorophore excited state, either the anthracene-like LE (nearly hor- 
izontal) or the TICT excited state (nearly vertical). 
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FIG. 5. Graphical plot of Stokes shift vs. Bilot-Kawski F(~,n)  param- 
eter (see Eq. 3) for 9,9'-bianthracene dissolved in 42 nonelectrolyte 
solvents listed in Table I. The solid straight line was determined via 
linear least-squares regressional analysis using all 42 data points for 
which n and e values exist. Dashed lines represent a plausible separation 
of solvents according to fluorophore excited state, either the anthracene- 
like LE (nearly horizontal) or the TICT excited state (nearly vertical). 

photophysical  behavior .  In solution, rotat ion is signifi- 
cantly faster. The observed emission spectra in Fig. 3 
likely correspond to some "equi l ibr ium average"  of  the 
two planar  conformers  plus all in termediate  rotat ional  
conformers ,  rather  than that  o f  a single conformer .  The  
so lva tochromic  shift will be less p ronounced  in fluid so- 
lution. 

To  a first approximat ion ,  specific effects are ignored. 
The energy difference (in cm -1) between the solvated 
ground- and excited-state f luorophore can be described 
by either the Lippert  equation: 74-7v 

(1/X~x) - (1/X~=) = ( 2 / h c ) [ ( ~  - 1)/(2~ + 1) 

- ( n  2 - 1)/(2n 2 + 1)] 

x [(u* - u ) 2 / a  3] + constant  

k[(E - 1)/(2~ + 1) 

- ( n  2 - 1 ) / ( 2 n  2 + 1)]  

+ constant  (1) 

or modif ied forms of  the Lippert  equation: 43,7s,79 

(l/X~x) - (l/X~m) = k[(~ - 1)/(2~ + l) 

- f l ( n  2 - 1)/(2n 2 + 1)] 

+ constant  (2) 

or the Bi lo t -Kawski  Eq. 3 (with/3 equal to unity): s° 

(1/Xex) - (1/~kem) 

k[(E - 1)/(2E + 1) - (n z - 1)/(2n 2 + 2)] 

"- { [1  - f l ( n  2 - 1 ) / ( 2 n  2 + 2 ) ]  2 

x [1 - fl(~ - 1)/(2~ + 2)]} + constant  (3) 

where ~ and n refer to the dielectric constant  and refractive 
index of  the solvent,  respectively; c is the speed of  light; 
h denotes Planck 's  constant;  and a is the radius of  the 
s o l v e n t  cavi ty  wherein the f luorophore resides. The latter 

three quantities,  along with the dipole m o m e n t s  of  the 
f luorophore 's  excited (#*) and  ground state (~), are as- 
sumed  to be solvent  independent  (i.e., there is no ma jo r  
change in electronic transit ion type and no major  change 
in the geometrical  reorganizat ion within the excited state) 
and are thus combined  into the proport ional i ty  constant,  
k. Figures 4 and 5 graphically depict Stokes shifts (in 
cm -1) for 9 ,9 ' -bianthracene vs. Lippert  ~xffunction (see 
Eq. 1) and Stokes shift vs. Bi lo t -Kawski  F(~, n) function 
(Eq. 3), respectively. For ty- two of  the 45 nonelectrolyte 
solvents studied are included in the plots and subsequent  
statistical analysis. Methyl  t e r t - b u t y l  ether, d imethyl  adi- 
pate, and dibutyl oxalate had to be excluded because re- 
fractive indices and static dielectric constants  for these 
three solvents could not  be found in the chemical  liter- 
ature. Linear  least-squares regressional analysis showed 
that  the observed values, 

(1/Xex) - (1/Xem) = AV = 2993.4 + 6322.7 & f  

(r 2 = 0.73) 

(l/Xex) - (1/Xe=) = &V = 2873.6 + 2381.2F@, n) 

(r 2 = 0.79), 

are only marginally correlated at best. There  is consid- 
erable scatter in the data points  around each of  the so- 
called "bes t  straight lines", which were de te rmined  via 
least-squares analysis. 

One can argue that  such nonlinear  behav ior  is typical 
o f  f luorophores having two (or more)  excited states (i.e., 
an anthracene-l ike locally excited state and a twisted in- 
t ramolecular  charge transfer excited state), in that  each 
state would have  a different dipole momen t .  The  mult i-  
plicative [(u* - # ) 2 / a 3 ]  factor in Eq. 1 would be constant  
for only a single excited state, not  for both  the LE and 
T I C T  excited states o f  9,9 ' -bianthracene.  It  should be 
theoretically possible though, to separate the solvents into 
two groups on the basis o f  whether  the LE or the T I C T  
excited state is observed.  The  dashed lines in Figs. 4 and 
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Fio. 6. Fluorescence emission spectra for 9,9'-bianthracene dissolved 
in carbon tetrachlofide as a function of irradiation time. From top to 
bottom, spectra correspond to 0, 65, and 120 min. The emission spec- 
trum obtained at 180 min of irradiation overlayed perfectly with the 
bottom 120-min irradiation spectrum. Results shown are for irradiation 
at 360 nm. Similar spectra were obtained 9,9'-bianthracene-carbon tet- 
rachlofide solutions irradiated at 300 nm. 

5 show one plausible separation scheme. Least-squares 
analysis gives for each of the separate lines the following 
mathematical equations: 

(1Aex) - (1/~kem) = ,~v = 3136.5 + 722.5 A f  

(LE excited state) 

(1/Xex) -- (1/Xem) = AV = --857.0 + 20,773.1 A f  

(TICT excited state) 

for regressional analysis according to the Lippert equa- 
tion. Data points for 1,2-dichloroethane, dichlorometh- 
ane, chlorobenzene, chloroform, cyclohexanol, tetrahy- 
drofuran, dimethyl carbonate, and ethyl acetate do not 
visually appear to belong to either dashed line, and these 
eight solvents were excluded from the statistical treat- 
ment. Kabouchi et al. 43 presented a similar two-line graph; 
however, the authors listed only five solvents (also see 
Ref. 81). 

Interestingly, half of the eight solvents that were ex- 
cluded from the dashed-line least-squares treatment con- 
tained at least one chlorine atom. In earlier papers, 82-84 
we rationalized abnormal fluorescence behavior of PAH 
and PANH solute probes in select chloroalkane solvents 
in terms of photochemical reactions. Carbon tetrachlo- 
ride, and to a much lesser extent chloroform and dichloro- 
methane, is known to undergo irreversible photochemical 
reactions with several PAH solutes. 8s-92 The photochem- 
ical reaction of carbon tetrachloride with anthracene is 
believed to involve the formation of two free radical spe- 
cies, as suggested by the following reaction mechanism: s5 

PAH + hv ~ IPAH* 

~PAH* + C C I  4 ~ I ( P A H - C C I 4 ) *  

t(PAH-CC14)* ~ 3(PAH-CCI4)* ~ 3pAH* + CC14 

~(PAH-CC14)* ~ "PAH-CI + "CC13 ~ Products 

where superscripts 1 and 3 denoted excited singlet and 
triplet states, respectively. The isolated major product 
was identified as 9-chloro- 10-trichloromethyl-9,10-dihy- 
droanthracene. Reaction mechanisms for the larger PAH 
molecules are expected to be more complex and to include 
several major products. In fact, Wiczk and Latowski 92 
noted that reaction products resulting from irradiation of 
pyrene and perylene in carbon tetrachloride had molec- 
ular formulas of Ci6HqC1, C17H9C13, C33H19C13, C17H1oC14, 
C1sHsC16, C33H16C14, and C34H2oC16 and of C2oHllCl, 
C2oH~oC12, C2oH9C13, C22H10C14, and C22H12C14, respec- 
tively. The authors, however, did not attempt to identify 
the various products formed. 

In an experiment to determine whether an undesired 
photochemical reaction was responsible for several chlo- 
rinated solvents being off the dashed lines, solutions of 
9,9'-bianthracene dissolved in carbon tetrachloride and 
chloroform were irradiated at 300 and 360 nm (~,ox for 
the bi-PAH solute) for a prolonged period of time. Fluo- 
rescence emission spectra were recorded periodically, and 
any differences from the original spectrum (at time zero) 
were noted. As shown in Fig. 6, there is a rather dramatic 
reduction in the measured emission signal for 9,9'-bian- 
thracene dissolved in carbon tetrachloride with increasing 
irradiation time. After 65 rain of irradiation at 360 nm 
(and 300 nm, not shown) the emission signal was ap- 
proximately one-sixth of its original value, and the max- 
imum intensity emission wavelength had red-shifted from 
418 to 435 nm, with a fairly broad shoulder beginning to 
appear at 454 nm. Fifty-five minutes of additional irra- 
diation decreased the 418-nm emission intensity by an- 
other 50%, while the 454-nm peak grew slightly. The 
emission spectrum remained constant for the third hour 
of irradiation. In the case of chloroform solvent, there 
were no visual changes noted in 9,9'-bianthracene's emis- 
sion spectrum, even after 2 h of continued irradiation at 
both 300 and 360 nm. For these measurements, the pres- 
ence of oxygen (air) was not excluded. However, since no 
spectral changes were observed when chloroform was used 
as the solvent, the observed changes in carbon tetrachlo- 
ride cannot be due to photooxidation. On the basis of the 
fact that it took us about 5 min (or less) to record 9,9'- 
bianthracene's emission spectrum, we conclude that, while 
photochemical reactions may occur, they are much too 
slow to be responsible for the chlorinated solvents de- 
viating from the Lippert (see Fig. 4) and Bilot-Kawski 
(see Fig. 5) relationships. 

P r e v i o u s  s t u d i e s  19,22-3° involving nitromethane as a se- 
lective quenching agent for discriminating between alter- 
nant vs. nonalternant PAHs utilized either neat aceto- 
nitrile or a binary aqueous/acetonitrile mixture (20:80 
percent by volume) in order to have sufficient polarity./ 
dielectric constant to facilitate electron transfer. Such sol- 
vents work well as mobile phases in HPLC separation for 
those PAHs that contain six rings or less, but different 
solvent strengths must be employed for larger PAHs hav- 
ing six to ten rings. Toluene/acetonitrile or ethyl acetate/ 
acetonitrile mixtures have served well as HPLC mobile- 
phase solvents for the separation of the larger PAHs. 93,94 
One or two pasteur pipette drops of nitromethane (per 3 
mL of solution) was found to effectively quench fluores- 
cence emission of 1,1'-binaphthalene, 2,2'-binaphtha- 
lene, 9,9'-biphenanthrene, 1,1'-methylenebisnaphtha- 
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l e n e ,  a n d  1 , 1 ' , 2 , 2 ' - t e t r a h y d r o - 5 , 5 ' - b i a c e n a p h t h y l e n e  
d i s s o l v e d  in n e a t  a c e t o n i t r i l e  a n d  in b i n a r y  t o l u e n e / a c e -  
t o n i t r i l e  (40 :60  p e r c e n t  by  v o l u m e )  a n d  e t h y l  a c e t a t e /  
a c e t o n i t r i l e  ( 4 0 : 6 0  p e r c e n t  by  v o l u m e )  s o l v e n t  m i x t u r e s .  
A f t e r  c o r r e c t i o n  fo r  p r i m a r y  i n n e r  f i l ter ing,  t h e  c a l c u l a t e d  
e m i s s i o n  i n t e n s i t y  was  r e d u c e d  to  r o u g h l y  1 0 - 2 5 %  o f  i ts  
o r i g i n a l  v a l u e .  E m i s s i o n  q u e n c h i n g  w a s  less p r o n o u n c e d  
in  t h e  case  o f  9 , 9 ' - b i a n t h r a c e n e  s ince  f ive  p a s t e u r  p i p e t t e  
d r o p s  o f  n i t r o m e t h a n e  o n l y  h a l v e d  t h e  o r i g i n a l  e m i s s i o n  
s igna l ,  a g a i n  a f t e r  c o r r e c t i o n  fo r  p r i m a r y  i n n e r - f i l t e r i n g  
effects .  
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