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The photochemically induced attachment of pyrene to a seriesatifanes (@, wheren = 8, 19, 20, 21, 24,

and 28), cyclohexane (CyH), and 1-eicosene=20) has been investigated as a function of solvent phase,
pyrene concentration, radiation wavelength (especially below and above 300 nm), and alkane chain length.
Qualitatively, the efficiency and selectivity of attachment are much greater in the solid than in the liquid
phases of the alkanes. Efficiency is decreased significantly when the concentration of pyrene in the solid
phases is increased above ca ®1M. The solid-state reactions are very selective when 21 and the
irradiation wavelength is 300 nm. Under these conditions, only one photoattachment product, a 1-alkylpyrene,
can be detected in each case. Mechanistic models consistent with these observations are advanced. They
explain the changes in selectivity and efficiency based on the location of the pyrene molecules in the solid
phase matrices and on the energy available to the highly excited states of pyrene which initiate the attachment
processes. The procedures outlined provide a one-step recipe for the syntheses of some rather difficult to

obtain photophysical probes.

Introduction

Despite the widespread perception that pyrene (PyH) is inert

to UV/is radiation, several reports in the literature have

demonstrated that it can be attached to a variety of hydrocarbon

solventst—* Previously, we found that PyH can be covalently
attached to interior sites of polyethylene (PE) films upon
irradiation even at-300 nm (<4.1 eV)? Since a large dopant
molecule like PyH can reside only in the amorphous and
interfacial regions of PE matricésye asked (1) Would pyrene
react if imbedded in théamellar crystallineregions of the
polymer? (2) If it were to react in such an environment, what
would be the preferred position on pyrene of substitution/
addition? and (3) What would be the preferred position of
substitution among the various types of B bonds of the alkyl
chains?

A reasonable model for the lamellar microcrystallites of PE
is the solid phases of longralkanes. Here, we compare results
from irradiations of PyH in the solid phases of severalkanes
(octacosane (C28: H(ChigH), tetracosane (C24: H(GhisH),
heneicosane (C21: H(GhiH), eicosane (C20: H(ChhoH),
nonadecane (C19: H(GMHdH), and octane (C8: H(ChkH)),

a cycloalkane (cyclohexane (CyH: (G))), and a long alkene
(1-eicosene (€20: H(CH,)1sCH=CH,)) with those from the
corresponding liquid phases. Irradiations in the lower temper-
ature solid morph of C21phase Il, were most interesting since
they led to “clean” reactions and very high chemical yields of
1-heneicosylpyrene. Under the same irradiation conditions,
almost no reaction was detected in liquid C21 or the other liquid

alkanes. Multiple photoproducts were observed in the higher

temperature solid morph of C21, phase | or “rotator” phase,

and the solid phases of the other solvents. However, the major
photoproducts appear to be 1-alkylpyrenes. We provide a

synthetic utility of these photoreactions: a wide variety of
1-alkylpyrenes can be synthesized in one facile step. In fact,
we find evidence for no more than one photoproduct between
pyrene and solid C24 or C28, despite the presence of perceptible
amounts of impurities in the neat solvents.

Experimental Section

Reagents.Pyrene (PyH; Aldrich 99%) was recrystallized
three times from 96% ethanol, chromatographed on an alumina
column using benzene as eluant, and sublimed under vacuum
(mp 148-149°C (lit.® mp 149-151°C)). 1-Ethylpyrene (C2Py)
(mp 95-96 °C (lit.° mp 94-95 °C)), 1l-octylpyrene (C8Py),
1-hexadecylpyrene (C16Py), and 1,3-di(1-pyrenyl)propane
(Py3Py) (mp 148149 °C (lit.1® mp 148-150 °C)) were
obtained from Molecular Probes and used without further
purification. 1,22-Di(1-pyrenyl)docosane (Py22Py) was a gift
from Dr. Klaas Zachariasse of the Max Planck Institit fu
Biophysikalische Chemie, Giingen. Gel permeation chromato-
graphic analyses were performed on a Hewlett-Packard Series
1100 ChemStation equipped with a diode array detector (4 nm
bandwidth), and a Polymer Laboratories PLgek(8 MIXED-

E; 300 mm lengthx 7.5 mm ID) column with tetrahydrofuran
(THF; Fisher Scientific, HPLC grade) as eluant; PyH, C2Py,
C8Py, C16Py, and Py3Py were 99%, and Py22Py was
96% pure. CyH (Fisher Scientific) was vigorously stirred with
H,SO, at room temperature for 8 days in the dark, decanted,
washed several times with 25% aqueous NaOH, passed over a
5 cm lengthx 4 cm AlLO3 column, distilled, and stored in the
dark ove 4 A molecular sieves under an,Ntmospheré!
Methanol (Mallinckrodt UltimAR 99.9%), acetonitrile (Fisher
Scientific, HPLC grade)n-hexane (EM-Science, Spectropho-
tometric grade)n-pentane (Fisher Scientific, IR certified), and

rationalization for these surprising results and note the potential dichloromethane (Mallinckrodt, spectrophotometric grade) were

* Corresponding author phone, (202) 687-6013; fax, (202)-68009;
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used as received. C8 (Aldrich, 99 %), and G=20 (TCI
America, mp 2729 °C (lit.12 mp 28.6 °C)) were used as
received. C19 (mp 3233 °C (lit.13 mp 32.0°C)), C20 (mp
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36—37 °C (lit.2® mp 36.6°C)), and C21 (mp 4841 °C (lit.* um) and a Hewlett-Packard 3393A integrator. GC-MS was
mp 40.14°C)) were obtained from Humphrey Chemicals Co. performed with a Fisons MD 800 GC-MS with the same
and were recrystallized three times from 95:5 acetone/heX®ane. analytical column.

C24 (mp 5352 °C (lit.12 mp 50.9°C)) and C28 (mp 6263 Fluorescence Decay Data TreatmentCurve fitting and

°C (lit.22mp 61.4°C)), also from Humphrey, were recrystallized deconvolution employed nonlinear least-squares routines with

three times from toluene and passedroaes cmlength x 4 software supplied by Edinburgh Instruments. A range from time

cm Al,O3 column using hexane as elud#t> = 0 (a channel before the onset of the instrument response
Sample Preparations: PyH and C2Py in Hydrocarbon signal) to at least two decades of decay from the peak channel

Matrices. A mixture of a small amount of PyH (or C2Py) and Were included in the analyses. Goodness of fit was assessed
a hydrocarbon solvent was melted and gently shaken in a vial. from x? values and plots of residuals. Data were analyzed using

The precise concentration was calculated in the isotropic phaseexponential, distribution, and global analysis meth&dshe

with a 1 mm path-length quartz cell using Beer's law and €xponential method was used when a single wavelength of

assumingass 55 550 ML cm 1 for PyH6 andes4339 800 M2 emission and excitation was employed or no correlations were
cm1 for C2Py” An aliquot of appropriate composition was Made among the decays. Several wavelengths were analyzed
transferred to a flattened glass capillary (8 mm (ixd.9.8 mm for each of the data sets; scatter components (always present)

(i.d.) x 30 mm; transmittance cutoff 300 nm; VitroCom) and Were included as unlinked decays.
sealed after being degassed by four fregaemp—thaw cycles
at < 107 Torr on a mercury-free vacuum line.

UV Irradiations of PyH Samples. Two flattened glass
capillaries containing PyH in degassed solvent were heated to
the isotropic phase and gently shaken. One was quickly
immersed in an ice bath and the other was allowed to cool in
the air to room temperature. The samples were irradiated by
the output from a 450 W Hanovia medium-pressure Hg arc lamp
in baths that maintained specific temperatures/phases: solid
phases of CyH, C19, C20, and=20 in ice~water; solid phase
of C8 in dry ice/ethanot? liquid phase of CyH, phase Il of
C21, and solid phases of C24 and C28 in water at room
temperature; phase | of C21 in a water bath at439.3 °C;
liquid phase of G20 in a water bath at ca. 4&; liquid phases
of other alkanes in a water bath at ca. 8 Irradiation times
were 1 h unless indicated otherwise. In addition, samples in
solid C21 and CyH were irradiated at room temperature and
ca. 0°C respectively with an Ultra Violet Products low-pressure
Hg arc lamp (254 nm) for various periods, using methanol as a
filter to remove 185 nm radiation.

Results and Discussion

Historical and Mechanistic Considerations.Irradiation of
pyrene and other polycyclic aromatic hydrocarbons (PAHS) in
paraffinic solvents has been studied for many years and still
attracts much attentio#.Initially, isolated PAH molecules in
solid solutions were thought to be inert to UV/vis irradiations.
However, the Bordeaux group, especially, has demonstrated that
many PAHSs (including triphenylerf, phenanthren& and
anthracer®) can undergo relatively efficient photoreactions
with n-alkanes at low temperatures. The radicals produced lead
to solvent addition (ArbR) and/or substitution products (ArR.
Quantum yields for the overall processes with pyrene~dé*
to 1076, depending on the wavelength and flux of phot&his
addition, irradiation of PyH in very polar, protic media is known
to produce at least two photoprodudt2>

However, there has been no study of the photochemistry of
pyrene in a series of alkanes which (1) allows the selectivity of
pyrenyl substitution for hydrogen at several differenti€
bonds to be probed, (2) compares the influence of several phases
o : i . of one n-alkane on the efficiency and type of photoreaction,
After being irradiated, the solid samples were heated to their 4,4 (3) employs relatively low energy radiation300 nm; <

isotropic phases, shaken, and cooled. Relevant spectra werg, 1 e\/) tg initiate the photochemistry. These are the major focus
recorded. Then, each sample was melted and dissolved in abouf his work.
an equal volume of THF for further analyses. Since the vertical ionization potential of pyrene is ca. 6.2
Instrumentation. UV/vis absorption spectra were recorded eV 26 excitation at 185 nm (6.7 e¥)produces highly excited
on a Perkin-Elmer Lambda-6 spectrophotometer. Excitation singlet states (i.e., 8, “high-Rydberg” states with principal
(corrected for detector response) and emission spectra (Uncorguantum numbers: 10)27 When Aex > 240 nm 5.1 eV),
rected) were obtained on a Spex Fluorolog 111 spectrofluorim- jnjtial excitation by one photon and intersystem crossing leads
eter (linked to a PC) with a 150 W high-pressure xenon lamp to a longer-lived triplet state ¢J. It can be excited to a very
and 0.25 mm slits (ca. 0.9 nm resolution) on both the excitation high triplet (T,**) by absorption of a second photon. Energy
and the emission monochromators. Samples were thermostategransfer to a dissociative state of a solvent molecule, RH,
(£0.3°C) using a VWR 1140 circulating constant temperature competes with rapid internal conversion too® T;. Thus, highly
bath. Fluorescence rise and decay histograms were obtained witlexcited states of pyrene initiate the photochemistry by transfer-
an Edinburgh Analytical Instruments model FL900 single photon ring energy to neighboring solvent molecules; pyrege 8r
counting system usingz4s the lamp gas. Samples in capillaries T ** states are sensitizers for excitation and scission of-aiC
were immersed in a quartz cuvette containifigexadecane and  “chromophore”. In both cases, the subsequent steps involve
aligned at ca. 45to the incident radiation. The emission was addition of radicals (or radical-ions), such as éf R, to
detected at a right angle from the back face of the sample. An (presumablypround-statepyrene in a solvent cage. A simplified
“instrument response function” was determined using Ludox mechanism of the probable events is shown in Scheme 1. If
as scatterer and without polarizers. Data were collected in 1023iffusion of either the pyrene or radical (or its precursor) from
channels (0.504 or 1.009 ns/channel), and @6unts were  the solvent cage is more rapid than addition, no photochemistry
collected in the peak channel unless indicated otherwise. Protonjnvolving pyrene will be observed. Clearly, molecular contain-
NMR spectra were recorded on a Mercury 300 MHz Varian ment in a solvent cadgis a necessary feature of the mechanism
spectrometer interfaced to a Sun SparcStation 5. outlined in Scheme 1. It also suggests that the nature of the
Gas chromatograms were obtained with a Hewlett-Packard photochemical events from the two-photon mechanism may be
5890A gas chromatograph equipped with a flame ionization wavelength dependent.
detector and a capillary column (Alltech DB-5 Durabond FSOT  Ground-state pyrene is most easily attacked by radicals and
cross linked 5% phenyl methyl silicone; 15xn0.25 mx 0.25 cations at the 1-positioff,and ab initio calculations indicate it
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TABLE 1: Melting Temperatures ( Tmer) and Rotator
Crystal Transition Temperatures (T,) for the Hydrocarbon
Solvents Employed

cell
name formula Tmet (°C) T (°C) symmetry

CyH  cyclohexane 6Hio 6.7 —8784
Cc8 n-octane GHis  —56.48 - T
C19 n-nonadecane  foHao 32.5% 22.8% 0O
C20 n-eicosane GoH42 36.58 36.28 T
C=20 1-eicosene £Ha0 28.0% 26.52 O
C21 n-heneicosane £Has 40.58 3258 OO HO
C24 n-tetracosane  GHso 51.5% 4818 T
C28 n-octacosane  fgHsg 62.5%8 58.¢8¢ OO

@ Phase in which irradiations were conducted:=Ttriclinic; O =
orthorhombic; H= hexagonal (rotator);] = perpendicular.

to be the most reactive site of the first excited-singlet state,
also3® Based on comparative analyses of emission spectra,
1-methylpyrene was indicated as the major photoproduct from
irradiation of pyrene in solid methardélhe photochemistry of
PyH has also been investigated in solid and liquid cyclohexane
and methylcyclohexane using300 nm radiatio=431 The
photoproduct distributions differ with 185 nm (presumably one-
photon excitation) and 254 nm (4.9 eV, presumably two-photon
excitation)32 Photoproducts from substitution/addition at the 1-
and 4-positions were inferred based on mass spectral andlyses
Irradiation (>300 nm) of PyH in polyethylene films leads to at
least two distinct species whose fluorescence spectra are ver
dependent on the wavelength of excitatidg,).32

Description of Solid Phasesln Table 1 is listed the melting
(Tmer) and solid-solid transition temperatured {)3* of the
hydrocarbon matrices employed. In general, individualkane

Zimerman and Weiss

Figure 1. Cartoon representation of possible solubilization sites of
pyrene molecules in an-alkane solid matrix.

these molecules display one or more hexagonal rotator phases,
alsol441b

C=20 was employed as a matrix to explore the influence of
an unsaturated group near a layer interface on the photochem-
istry of PyH. Unlike C20, the lower temperature crystalline
phase of G20 is orthorhombic; it also forms a hexagonal
rotator phasé?

Between its melting temperature, 63 and its transition
to a highly ordered crystalline phase-a87 °C,*344CyH exists
in a plastic phasg€ where individual molecules maintain their
position in the lattice but tumble relatively rapidly.

Potential Sites for PyH Molecules in Solid Hydrocarbon
Matrices; Comparisons with Sites in PE.The solid phases
of the n-alkanes can accommodate pyrene molecules in several
site types. The one(s) favored depends on several factors. Some
are related to the length of a specifi@lkane (i.e., how closely
can a pyrene molecule be substituted isomorphouslynfor
molecules of alkane within a layer), and others are generic to
how n-alkanes pack. Regardless, the “stiffness” of the Walls
of all of the potential sites makes it unlikely that PyH molecules
can reorient during their excited-state lifetimes; where they
reside in their ground states is where they will react.

One possible site, within amalkane layer (Figure 1, sit@,
is analogous to thimteriors of lamellar microcrystallites of PE.
As mentioned, guest molecules such as pyrene do not enter PE
microcrystallites but remain in the amorphous and interfacial
regions?®3346They may be forced to reside within lamellae of
n-alkane solid phases since there is no amorphous alternative.
If the length or breadth of a pyrene molecule (10.0 A or 9.2 A,

yrespectivelfﬂ) is near the thickness of analkane layer, quasi-

isomorphous substitution may be possible. Furthermore, the
average angle between the long axis of a pyrene molecule and
the direction of extension of polymethylene chains orsilnéace

of a PE microcrystallite (i.e., an interfacial site in polyethylene)

molecules in their crystalline lattices are in fully extended (all- is ca. 35.48 A similar angle may be preferred for pyrene
transoid) conformations and are packed side-by-side in lay- molecules ifwithin n-alkane crystals, but we have no evidence
ers!1435The long molecular axes are either perpendicular to to support this suggestion. Isomorphous substitution, in which
the layer (as in orthorhombic packifjgr tilted (as in triclinic one pyrene molecule spans a layer, seems most probable in
packing with long-range, herringbone patterns of lafet$. matrices of solid C8 (layer thickness 11.02 A)4° However,

The crystalline phase of C8 is triclin®:2° The lower temper-  two molecules of pyrene, end-on-end, may be able to replace
ature solid phases of C19 and C21 are orthorhorfisi&Their several molecules within the solid matrices of C19 and longer
higher temperature solids are hexagonal rotator phtisies n-alkanes. Since several carbon atoms along a chain would be
which there is significant rotational freedom about long mo- in contact with pyrene in this scenario, photoproducts with
lecular axed:'44! The unit cells of the lower temperature pyrene attached to several different positions of an alkane chain
crystalline phases of C20, C24, and C28 are triclfifcand are expected. In fact, even if only C-1 of PyH molecules residing
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within the crystalline layers of C8 is able to react, four positional
1-alkylpyrene isomers (from attachment of 1-pyrenyl to the
different carbon atoms of octane) are possible. 1.0 -
Alternatively, pyrene molecules may residetween ralkane
layers (siteb). Such sites have no direct analogy in PE. They
would be similar to interfacial regions along the (001) plane of
PE microcrystallite® if two of them were in face-to-face
contact. Since this site type places pyrene molecules in the
proximity of the terminal (methyl) carbon atoms of the
n-alkanes, photoattachment to positions near a chain terminus
should be favored. The added thickness of a pyrene molecule
(ca. 3.5 A7) when between layers will cause significant
disturbances to packing dafi-alkanes in the vicinity. As a
consequence, carbon atoms at C-2 and C-3 may be very near
the pyrene ring, also. The effect of placing a pyrene molecule
between layers should be comparable to mixing baadkanes
of different lengths. X-ray diffractograms of these solid phases
indicate that the terminal methyl and methylene groups for some :
of the longer chains kinkS 0.2 - e
Regardless of which mode of incorporation is adopted, inter- %, 350 400 450 500 550 600
actions between pyrene and the vinyl groups &0 molecules I Wavetength (hm)
are possible. The theoretical consequences of this additional 0.0 1 (e .
interaction are unknown, but it may open a new channel for . ' ’ == : '
the photochemistry. For instance, 1,3-cyclohexadiene is known 350 400 450 500 550 600
to form a [2t + 27] cycloadduct with the triplet state of pyrene Wavelength (nm)

(®PyH" in Scheme 1¥2 _ . _

. . . . . Figure 2. Emission spectralgx 343 nm) of ca. 5x 106 M PyH in
_S_Ites occupied by_PyH In plastlc and S_Ol'd CyH are more degassed C21 (a) at room temperature and (b) &€4%he inset shows
difficult to characterize. Even if pyrene is accepted nearly emission spectra at 4€ of (c) isolated C21Py (see text) in hexane at

“isomorphously” into the cyclohexane matrices, various types room temperature, (d) ca. 108 M PyH after irradiation fo 1 h in

of disturbed domains may be created neadin any case, we degassed solid phase Il C21 (room temperature), and (€) unirradiated
expect that the occupied sites are very different from those in €& 10° M C2Py in C21 at 45°C. Intensities in (a) and (b) are
the solid phases of rod-shaped solvent molecules. normalized at 382 nm.

Spectroscopic Measurements of PyH in Liquid and Solid - 5y.ane matrix. For instance, the emission spectra of neithér 10
Hydrocarbon Media. _The emission spectraldy 343 nm) of M PyH in C=20 nor 104 M PyH in CyH have a prominent
ca. .5X 10° M PYH in degassed C21 at room temperature g imer-like band even though the PyH concentrations a202
(rapidly cooled solid phase II) and at 4T (liquid phase), aré g higher than that of the sample in Figure 2a. Despite this,
presented in Figures 2a and 2b, respectively. In the liquid phase e e myst be some ground-state aggregation in plastiéTyH
the emission is like that of una_ssomated pyr_ene_mole_cul_es N since its emission spectra are excitation wavelength dependent,
other alkane solvents.In the solid phase, excimeric emission . it is difficult to envision more than one solubilization site
dominates the spectrum even though the PyH concentration isy e A significant fraction of the pyrene molecules must be in
well below that expected for excited complexes to form goqonic contact with others, but they are neither in orientations
dynar_n|cally,55 the spectrum of the slowly cooled solid sample ¢ approximate an excimer nor are they able to move to such
was like that of Figure 2a. o positions during their excited singlet lifetimes. The cause of

Others have found evidence for association of PAHs at the dependence of emission spectra from the soi@@sample
concentrations where it is not expected. For instance, irradiation g, excitation wavelength is not as clear. Interactions of some
at 310 nm of 5x 1072 M naphthalene in 1:1 pentafe  of the pyrene molecules with terminal vinyl groups may be a
isopentane at 4.7 Gpa pressure anth °C leads to weakly contributing factor.
bound dimers which decompose when heated or when the |agiations of PyH in CyH. Consistent with prior results
sample is returned to one atmosphere pres$urdso, the  from jrradiations at 189 and 254 nfrat least three products
formation of PyH microcrystals has been observed far below (whose absorption spectra are like that of a pyrenyl or other
the concentration for monolayer coverage on silica surfates. paH group) were detected when oor 104 M PyH was
Even at 0.2% coverage, neither the monomeric nor excimeric jrradiated in liquid (ca. 20C) and plastic CyH (ca. 6C) at
emissions exhibited a single exponential decay; pyrene mol- 254 nm and> 300 nm (Figure 3ac). Qualitatively, photore-
ecules form very weakly bound ground-state bimolecular action is much less efficient in the liquid (at room temperature)
complexes at specific surface sifé$? than in the solid phase, and the photoproduct distributions are

The emission and absorption spectra of ca $0-° M PyH similar, but not the same. The higher chemical yields for photo-
in the isotropic phases of all of the hydrocarbon solvents em- reactions of PyH in liquid CyH reported by oth&f$+23 are
ployed match those in liquid-hexane. Emission spectra in the  probably due to a combination of higher energy radiation, higher
corresponding solid phases exhibit a broad, excimer-like band, photon fluxes, and longer irradiation times than employed here.
centered at 470 nm, which disappears when a sample is liquified. Regardless, the efficiency of PyH photoreactions in the liquid
PyH forms “normal” solutions in the isotropic phas@sX Tmer) phase of CyHand in the liquid phases of all of the other media
and somewhat segregated mixtures in the solfds: (Tmer). employed herévide infra) are consistently much lower than in

The ratio of monomeric to excimeric emission intensity in the corresponding solid phases. Much slower rates of solute
the solid phases varies widely depending on the nature of thediffusion and, possibly, the much higher degrees of pyrene
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N 30). Although several of the peaks in the same retention time
a regions of the two traces have very similar absorption spectra
J\k (such as a 1-alkylpyrene), there are some distinct differences,
* also. Foremost among these are the peak groups at ca. 7.4 min
AJL retention times. The absorption spectra from the C20 mixture
are clearly from a simple pyrenyl group; those from the2D
CyH (s,254) aj ., c mixture are not. Although the latter have a vibronic progression
’ in the 306-350 nm region and a sharp peak near 280 nm that
* % are pyrenyl in shape, their positions are red-shifted by ca. 8 nm
C8 (s) a d with respect to those in Figure 3f. Since the only structural
[N difference between the two solvents is at C-1 and C-2, and the
* mode of PyH incorporation into the solid matrices can be
C19 (s) e assumed to be the same, either the vinyl groups=e2@must
be near to and react with most of the pyrene molecules or the
guantum efficiency for reaction of pyrene molecules near a vinyl
group must be much larger than of pyrene in sites with only
saturated solvent groups.

C=20 (s) Irradiations of PyH in C8, C19, C24, and C28.Irradiation
. g (>310 nm) of 6x 108 M PyH was conducted in the solid

(triclinic) phase of C8 fo4 h at—72°C. Emission spectra after

CyH (1)
500 X

CyH (s) 8 X

C20 (s) * ¢

C21 () 80X - h irradiation (not shown) indicated the presence of unreacted PyH
///\f\f\/ and 1-alkylpyrenes. Several photoproducts are evident in the
c21 () * GPC chromatogram of the reaction mixture (Figure 3d). The
\ i peak at 9.9 min is unreacted PyH and the one marked with an
* A arrow has the same retention time (and volume) and UV/vis
C21 (s) a . absorption spectrum as commercial C8Py.
J&‘J\ A__ 100X ) The low field regions of théH NMR spectra of authentic
2 C8Py and the residue (after removal of C8) from irradiation of
C24(s) AR k 6 x 107> M PyH as above but for ca. 60 h are shown in Figure
4. Considering the multiple photoproducts that are present in
a ;a the reaction mixture, the correspondence between the two spectra
C28 (s) a | is excellent® A singlet ato = 3.5 ppm (in addition to the
e s — expected nearby triplet; region not shown in Figure 4a) suggests
0 2 4 6 8 10 12 14 the presence of more than one species, perhaps from a
Time (min) dihydropyrene such as-RPyH, in Scheme 1, an impurity from

the solvent, or a positional isomer; however, it is difficult to

Figure 3. GPC(THF; 44 343 nm) traces of degassed reaction mix- d’magine how a positional isomer of C8Py could have a singlet

tures after irradiation of degassed sample. Pyrene concentrations an

solvents are: ca. k 1072 M, liquid CyH (a); ca. 1x 1072 M, solid In this region. The photoproduct mixture was also analyzed by
CyH (b); ca. 5x 1075 M, solid CyH (c); ca. 5x 1076 M, solid C8 (d); GC-MS. The mass spectra of authentic C8Py and the photo-
ca. 5x 10°® M, solid C19 (e); ca. 5« 107 M, solid C20 (f); ca. 5x product peak with the same retention time were indistinguishable
107 M, solid C=20 (g); ca. 5x 107° M, liquid C21 (h); ca. 5x 10°° except in the molecular ion region (Figure 5). Mass spectra of

M’ﬂ?"é‘f\i ';‘l’i‘:ﬂd 52241 (ﬂ;; 22' g 1?;!%%;?5 g 233'2% szela(lg gf‘-cg two other photoproduct peaks in the chromatogram also were
x : ; ca. 5x : : C : :
10 min correspond to unreacted PyH (and related species). Peaksmdlc"’mve of C8Py isomers (N.Bre 215, corresponding to

marked with an “a” are present in the solvent in the absence of PyH; pyrenylme;hyene fragments). On these bases, the major_ pho-
all lack structural absorbances and several are from refraction changes)foproduct is 1-octylpyrene (C8Py), and some of the minor
Peaks marked with an asterisk have UV/vis absorption spectra photoproducts are its positional isomer&lg infra).

characteristic of a 1-pyrenyl group. The peak marked with an arrow in Samples of ca. 5 1076 M PyH in C19, C24, and C28 were
(d) has the same retention volume as authentic C8Py. Irradiation y ' y

conditions: 1 h at-300 nm (a, b, el), 2 h at 254 n(c), 2 hat-=310 &S0 iradiated 300 nm) in their solid phases (2@). Emission
nm (d). See text for other experimental details. spectra after irradiation (not shown) indicated the presence of
unreacted PyH and 1-alkylpyrenes (Figures 3e, 3k, and 3l). The
aggregation in the solid phases account for these observationslargest GPC peaks from the C19 reaction mixture (Figure 3e)
Once a highly excited pyrene molecule transfers its energy to have UV/vis absorption spectra typical of a 1-pyrenyl chro-
a nearby alkane, the two must remain together for a sufficient mophore. The large broad peaks and small peakséal min
period to allow a G-H bond of the alkane to be broken and the in the GPC traces from irradiations in solid C24 and C28
resulting radical to attach itself to pyrene (Scheme 1). In liquid (marked with an “a”) are also present in the GPC traces of
solutions, cage escape after the initial energy transfer can“pure” C24 and C28. Their UV/vis spectra consist of unstruc-
compete with the subsequent reactive steps. tured tails with almost no absorbance above 300 nm. Reaction
Irradiations of PyH in C20 and C=20. Irradiations of 10° is less efficient in solid C24 or C28 than in solid C19 or C20
M PyH in C20 and &20 were conducted in their liquid (ca. (based upon the amounts of unreacted PyH remaining after
45 °C) and solid phases (room temperature>&00 nm. As equivalent radiation times when initial concentrations were the
noted above, spectral changes were much less evident aftesame). However, as in phase Il of C2ide infra), only one
irradiation in the liquid than in the solid phase. GPC chromato- photoproduct peak, tentatively ascribed to 1-tetracosanylpyrene
grams of the solid reaction mixtures demonstrate that severaland 1-octacosanylpyrene, can be detected from the C24 and C28
photoadducts had been produced in each case (Figures 3f anéxperiments, respectively. Surprisingly, the perceptible amounts
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Figure 4. Low field portions of the'H NMR spectra (CDG) of residue (after removal of solvent) from irradiation of cax 805 M PyH in solid
C8 at—72 °C for about 60 h (a) and of authentic C8Py (b). See text.

of solvent impurities do not appear to affect the course of the In fact, the efficiency of photoreaction in phase Il C21
pyrene photochemistry. It may be too early to generalize that decreasesvith increasingPyH concentration for rather subtle
the more ordered solid phasesatifn-alkanes with> 21 carbon reasons. Irradiation of 16 or 103 M PyH for up to 50 h gave
atoms yield only one photoproduct upon irradiation of pyrene no discernible reaction, as indicated by front-face emission
since there are only three examples thus far. However, the spectra and GPC analyses. This seemingly anomalous result is
observation that wheh > 300 nm, C21, C24, and C28 exhibit probably a consequence of the formation of larger aggregates
much “cleaner” photoreactions with pyrene than do the shorter (perhaps microcrystallité€y than those present at thes10-6
n-alkanes is quite suggestive. M concentration. Their irradiation could lead to excitonic stites
UV lIrradiations of PyH in C21. After irradiation ¢-300 whose decay processes deviate from the steps in Scheme 1.
nm) of ca. 5x 1076 M PyH in liquid C21 for several hours at ~ Additionally, the fraction of PyH molecules in direct contact
45 °C, no covalent attachment of pyrene or other physical with the C21 molecules is diminished significantly as the size
change could be discerned in absorption or emission spectraof microcrystallites (or other 3-dimensional aggregates) in-
(not shown), and a GPC trace (Figure 3h) indicated a very small creases; only those PyH molecules on the surface of a micro-
amount of reaction. Although conversion was nearly complete crystallite have any possibility to reach molecules of C21 and
after a similar irradiation of 5< 107 M PyH in the phase |  form C21Py.
(“rotator”) solid of C21 at ca. 38C, more than one pyrenyl- Irradiations of ca. 5x 1076 M PyH in phase Il of C21at
containing product was formed (Figure 3i). 254 nmled to several photoproducts (Figure 6). The absorp-
Irradiations ¢300 nm) of the same concentration of PyH in tion spectra of all of the photoproduct peaks in the 3860
the phase Il (orthorhombic) solid of C21 (slowly or rapidly nm region have the characteristic vibronic progression of a
cooled from the liquid phase to room temperature) led to more pyrenyl chromophore. Since irradiations=800 nm in the same
rapid formation ofone produciFigure 3j). We have identified ~ phase and at the same PyH concentration yield only one
it to be 1-heneicosylpyrene (C21Py) based on the structural photoproduct, the mechanisms of the reactions depend on the
evidence that follows. absolute energyf the highly excited triplet Rydberg states
These results and Figure 2a suggest that pyrene microcrystaldnvolved (Scheme 1374
or ground-state complexes may participate in the attachment. Evidence for the Structure of C21Py.Emission spectra (45
By contrast, other solid-alkane samples whose emission spectra °C; liquid state) of ca. 5« 107¢ M PyH in C21 before (Figure
were primarily from unaggregated PyH molecules could also 2b) and after (Figure 2c) irradiation at room temperature for 1
be converted easily to photoproducts; the presence of aggregateb are very different. The shapes and positions of bands in
must not be necessary for reaction. However, the course of theFigure 2c are very similar to those of ca. 20 C2Py in C21
photoreactions (and, thereby, the nature of the photoproducts)(Figure 2d).
may be governed by whether isolated or aggregated pyrene is A GPC chromatogram from the reaction mixture of the
excited initially. Our experiments do not answer this question rapidly cooled sample is shown in Figure 7a. No additional
and it is not addressed in Scheme 1. pyrenyl-containing peaks are detectable at lower attenuations.
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Figure 5. Mass spectra of authentic C8Py {M814; a) and the reaction mixture from irradiated cax €0~5 M PyH in solid C8 (b; see Figure
3). Peaks atn/z 215 correspond to pyrenylmethylene fragments. The stmfzg15 peak in (b) is due to the presence of several products in the
sample, including dihydropyrenyl species.

Furthermore, UV absorption spectra at various temporal points is no direct evidence for attachment of more than one alkane to
along the GPC peak of C21Py (Figure 7b) indicate that there is one pyrene under our experimental conditions. Some of the
only one chromophore type, that it is a 1-alkylpyrene in position minor peaks at lower retention times in our GPC traces (N.B.,
and shape, and that the peak is homogeneous. Absorption bandBigures 3e-g) may have multiple attachments. We have
in Figure 7b are red-shifted with respect to pyrene by ca. 8 nm; observed that irradiation of authentic 1-ethylpyrene in solid C21
similar shifts are found in absorption spectra of other 1-alkyl- is very sluggish; pyrene may be able to add a second alkyl group
pyrenes in nonpolar solvent. much less efficiently than the first.

We note that the absorption spectra from the GPC peak for To obtain additional structural evidence for C21Py, a small
residual PyH (Figure 7c) is not homogeneous; before irradiation, quantity of it was isolated from the GPC eluant. Its fluorescence
it is. The presence of more than one species, each of whichspectrum in degassed hexane (Figure 2c) corresponds very
must have a molecular mass near that of pyrene, indicates thatlosely to that of C2Py (Figure 2e). The differences between
“side reactions” do occur during irradiations of PyH in phase the spectra from the reaction mixture (Figure 2d) and the isolated
Il of C21, but they do not lead to covalent attachment of solvent product (Figure 2c) are attributed to emissions in the former
to solute. A potential candidate for the other species is from the residual PyH and the other species constituting the
dihydropyrene(s), Pyk(equation 8 of Scheme 1). GPC peak near 10 min in Figure 3j or 7a. Further evidence for

To discern whether the combination of only one molecule of the lumophoric purity of the C21Py comes from its temporal
pyrene and C21 leads to C21Py, its retention voluk}g &nd fluorescence decay in hexane (Figure 9). By time-correlated
those of several pyrenyl compounds with lower and higher single-photon counting, it could be fitted well to a single
molecular masses and similar structures were compared (Figureexponential function with a decay constary) ©f 247 + 2 ns.

8). The best fit to all of the points has a slight upward curvature. This lifetime is somewhat longer than expected based: en

This type of response to mass changes is commonly found whenl192 ns for 1-dodecylpyrene (C12Py) in-Naturated cyclohex-

a series of similar compounds is compafédRegardless, the  ane® but it is not unreasonable.

plot and Figure 7b are consistent with C21Py being 1-heneico- The inefficiency of photoreaction at [PyH$ 5 x 1076 M
sylpyrene (rather than a positional isomer obite infra). The in solid C21 samples has limited our supply of C21Py. As a
placement of the data points (open circles) in Figure 8 for the result, we have been unable to obtain NMR or mass spectra of
major pyrenyl-containing photoproduct from each of the other the photoproduct. Such data would provide unequivocal evi-
solid n-alkane irradiations (see Figure 3) is consistent with each dence for the position of attachment of the 1-pyrenyl group along
of them being an alkylpyrene. the heneicosane chain. However, several pieces of ancillary

Although higher energy irradiations of pyrene in solid information point to the terminal carbon atom as the sole site
cyclohexane do yield some dicyclohexylpyrene produbgre of attachment. One of these is the observation that the preferred
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Figure 6. GPC(THF) trace of the reaction mixture from irradiation (254 nm) of ca 5076 M PyH in C21 for 1 h at 20C (a; Adet 343 NM).
UV/vis absorption spectra from GPC detector corresponding to peaks at ca. 10 min (PyH; b), 9.1 min (c), 8.4 min (d), 7.9 min (e), 7.3 min (f).
Overlayed spectra are for slices taken at various points across each peak; each set is normalized internally.

point of attachment of PyH to C8 is at the terminal carbon atom. kane matrices. It is also the most different site from that af-
Another is the similarity of the spectral properties of C21Py forded by the plastic or solid phase of cyclohexane (i.e., where
and authentic 1-alkylpyrenes. A third is the propensity-afl- multiple photoproducts of attachment are observed). Further-
kanes to form radicals at terminal carbon atomrradiations more, the rather different sets of photoproducts from irradiations
of n-alkanes in SEor as neat solids produce terminal radicals of PyH in the phase Il (orthorhombic) and phase | (hexagonal)
preferentially®® This has been shown to be the case for phase phases of C21 also point to the lamellar boundaries as the
Il of C21 and the solid phase of C20, as well as other alkéfes. contact areas with dopant pyrene molecules. The less rigid
rotator phase of C21 is more likely to allow a fraction of the
Conclusions and Future Considerations. pyrene molecules to reside within a layer and, thereby, form

Based on our experimental results, the molecular shapes ofProducts with a pyrenyl group at different positions along the
PyH and the long-alkanes in their extended conformations, alkane chain.
and the expected entropic consequences of placing a pyrene Finally, only siteb explains why the conversion of equal
molecule in various locations within a solidalkane matrix, concentrations of pyrene becomes slower as the length of the
siteb in Figure 1 (between layers) is the preferred one. It, alone, n-alkane host increases. If PyH were preferentially in site
provides the steric requirements for preferential attachment by we would expect virtually no rate dependence on the thickness
pyrene to terminal carbon atoms afl of the solid n-al- of a host layer. If pyrene is restricted to layer interfaces (site
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b), local PyH concentrations will increase progessively (at a changes to move reversibly between sites analogous to those
constant bulk concentration) as the alkane length increases; then Figure 157 The more rodlike form prefers siteand the more
fraction of the total volume represented by layer interfaces platelike form prefers site. The much more viscous environ-
decreases as the thickness of a layer increases. As a consenent of solidn-alkane matrices forces solutes to decide where
qguence, the degree of aggregation and/or size of pyrene aggrethey will reside at the moment their host solidifies, and then
gates will be greater in solid phases of longer alkanes. As notedremain there for periods which are much longer than the duration
before, larger aggregates should lead to less efficient reactionof a photochemical reaction.
for steric and electronic reasons. However, aggregation must The increased lifetime expected for pyrene triplets when in
not be due to limited interfacial area. Simple calculations demon- the solid matrices, due to slower quenching by impurities, makes
strate that even in the longestalkane employed, the degree absorption of a second photon (and reaction fAByH") more
of interfacial coverage by dispersed pyrene (at 3076 M) is probable. Lack of mobility in the solid states must contribute
much less than 1%. also to greater efficiency of photoattachment by keeping alkyl
Solutes with more rodlike shapes are known to be incorpo- radicals in the vicinity of their pyrene “sensitizer”. An alkyl
rated preferentially within am-alkane layer (sitea).”51:66 radical is forced to remain in the proximity of its pyrene energy
Recently, it has been shown that a solute molecule in a layereddonor by the stiffness of the local environméhit the same
liquid-crystalline phase can be forced by photoinduced shapetime, the preference of the radical center to remain at a terminal
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carbon atom of am-alkané® aids the regioselectivity of the
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in the solid phases, as well as some reversibility of step 8 in
Scheme 1, allows the vast majority of photoproducts to be
alkylpyrenes rather than dihydropyrenes.

It remains unclear why some solidalkane matrices provide
an environment for “clean” photoattachment while others do
not. Although different solvent order and solute mobility may
account for why pyrene photochemistry is more selective in
the orthorhombic phase Il of C21 than in the rotator phase I,
these factors do not explain why solid C8 and the other shorter
solid n-alkane matrices (that are not rotator phases) are less
selective. Temperature cannot be the determining factor since
pyrene was irradiated in solid C8 &f72 °C and irradiations in
phase Il of C21 were at 20C. The results with C24 and C28,
in combination with those from irradiations in C21, suggest that
there may be a criticah-alkane length beyond which the
photoattachment process becomes very selective. Further ex-
perimentation with othen-alkanes will be required to test this
hypothesis.

The wavelength dependence on the photoproduct distributions
is rather surprising. It may be related to the relationship between
the electronic excitation energy of the Rydberg states of pyrene
and its ionization potential. Assuming that excitation to the
triplet Rydberg state occurs by absorption af 800 nm photon
(E = 4.1 eV) from the lowest vibronic level of{T(Er = 2.1
eV;¥step 3 of Scheme 1), the total energy available for donation
to an n-alkane by3PyH" is < 6.2 eV. Thus, themaximum
energy of excitation provided t6PyH™ is not above the
ionization potential of pyren but it is adequate to break any
of the C—H bonds in pyrene or an-alkane. If excitation from
T is via absorption of a 254 nm photoE € 4.9 eV), the total
energy available téPyH**, 7.0 eV, exceedshe ionization
potential by 0.8 eV. By maintaining the total energy available
to the Rydberg states below the ionization limit, some of the
reaction channels followed at higher energies may be avoided.
These include processes involving ion radicals.

Overall, these results indicate that several factors must be
balanced carefully in order to achieve selective attachment
between the terminal carbon of aralkane and C-1 of pyrene.
However, the appropriate conditiomsin be employed using
information derived from this work. The next challenge will
be to find conditions that maximize the synthetic utility of the
reactions. In principle, photoattachment offers a simple, general,
one-step route to 1-alkylpyrenes. Even at this point, the small
amounts of these probe materials needed for many photophysical
studies are available from the irradiation procedures described.
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