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Photoreaction of Valerophenone in Aqueous Solution

Introduction
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Kinetics and products of the photoreaction of the phenyl ketone valerophenone were investigated as a function
of temperature, pH, and wavelength in agueous solution. Under these conditid M), the photoreactions

are pseudo-first-order with respect to valerophenone concentration. Type Il quantum yields for photoreaction
were close to unity throughout the 29830 nm spectral region and in the temperature range from 10 to 40
°C. The quantum yields for the photoproducts were Gt66.04 for cleavage to acetophenone and propene
and an overall yield of 0.32 0.03 for cyclization to two cyclobutanols at 2€. A small amount of
1-phenylcyclopentanoh{2% vyield) also was formed. These photoreactions were quenchable by additions
of the triplet quenchers sorbic alcohol or sorbic acid, and Steoimer plots were linear up to at least 80%
quenching of the photoreactions. On the basis of quenching studies with steady-state irradiations, the triplet
lifetime of valerophenone at 2@ was estimated to be 52 ns7 times longer than that observed in hydrocarbon
solvents. Since the triplet lifetime is controlled by intramolecular hydrogen abstraction, these results indicate
that the rate constant for H abstraction is significantly lowered in aqueous media. The slower H abstraction
in aqueous solution is attributed to stabilization of the excitedr state by water and vibronic mixing and

slight inversion of the reactive m* triplet and the unreactiver,7* triplet states. This interpretation also is
supported by changes in the UV absorption spectra of phenyl ketones in water compared to organic solvents.
Red shifts, compared to the polar organic solvent acetonitrile, were observed in-titetransitions of
valerophenone and acetophenone, reflecting stabilization of the excit&dstate by water. Other results
indicated that the quantum yields for valerophenone photoreaction are pH-independent from pH 9 to pH 2
but decrease significantly below pH 2. The decrease at low pH is attributed to quenching of triplet reactivity
via protonation of the excited triplet state. The use of valerophenone as a convenient actinometer for studies
in water is discussed; its half-lives during midday exposure to summer sunlight in temperate latitudes are
<30 min.

Investigations of the photoreactions of aromatic alkyl ketones hv
over the past several decades have provided a wealth of
information concerning structural and solvent effects on triplet
reactivitied—® and reactivities of biradical intermediate%>°-15

Aromatic ketones with hydrogen gn andod-carbons on their

CH; OH CeH. OH
alkyl side chains photoreact via their triplet states to produce + o + sHs é

1,4- or 1,5-biradicals, respectively, that disproportionate back
to starting ketone, cleave, or cycli?e'® as illustrated by the ,
valerophenone photoreactions shown below. Most studies of major

minor

these reactions have been conducted in organic solvents, W'trﬁn water compared to organic solvents. First, the high polarity

a few in mixtures of polar organic solvents with water such as
wet acetonitrile. Investigations of hydrophobic ketones in
aqueous media have been limited by their low water solubility.
Recent advances in analytical methodologies, however, have
made it possible to conveniently study organic photoreactions
in aqueous solutions.

of water can have important effects on the relative energies of
the lowest-lying nz* and m&7* excited states of aromatic
ketones. Solvent- and substituent-induced changes in the
relative levels and mixing of reactivest, triplets and unreactive
st,r* triplets of aromatic alkyl ketones are well-known to affect
their triplet reactivitie$~7 The z,7* triplets are stabilized in

of aromatic ketone photoreactions may be altered significantly \oreover, kinetics and products of the photoreactions of

aromatic alkyl ketones witlr- andd-carbon-hydrogen bonds
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thus enhancing biradical lifetimes and overall quantum efficien- and pH. The results of these studies are then compared to
cies for photoreaction compared to nonpolar solvefs, previous observations in organic solvents, and the use of
Moreover, it has been suggested that the longer biradical valerophenone for UV actinometry in aqueous systems is
lifetimes in hydrogen-bonding solvents reflect increased distance discussed.
between radical sites, which decreases triplet to singlet inter-
system crossing raté3although subsequent studies by other Experimental Section
groups appear to have discounted this interesting possibil-
ity.111415 Because biradical reactions and excited state reactivity
are sensitive to conformational effeét3121> hydrophobic
interactions between water and aromatic ketones that alter
conformations of the alkyl moieties might have significant
effects on the kinetics and product distributions. Finally, acid
base reactions of triplet ketones potentially may be an important
consideration in aqueous media. Triplet aromatic ketones are
10°—1(° times more basic than corresponding ground state
ketones, and protonation of triplets can influence aromatic
ketone photophysics and photochemistry under strongly acidic
conditionst®20

Our interest in factors that affect the photoreactions of ketones
in water is prompted by several considerations. First, aromatic
ketone derivatives are increasingly being used as photoreactiv
probes that selectively generate free radical sites in aqueou

Chemicals. Valerophenone (99%) and acetophenone were
obtained from Aldrich Chemical Co. They were further purified
by flash chromatography through silica gel followed by distil-
lation under reduced pressure. Sorbic alcohol (2,4-hexadien-
1-ol) was purchased from Aldrich, purified by distillation, and
stored under nitrogen at°€ to slow oxidation. Reagent grade
sorbic acid from Aldrich was used as received. Potassium
ferrioxalate was either synthesized in this laboratory from
K2C,04 and Fed as described by Hatchard and Parker or
obtained from Alfa Product¥. The results were identical for
both the synthesized and commercial products. The Fe(ll)
analytical reagents, 1,10-phenanthroline and ferrozine, were
obtained from Alfa Products and Aldrich Chemicals, respec-
tively. A standard solution of 1000 ppm of Fe in 2% HNO
Svas obtained from Fisher Scientific. Reagent grade hydroxy-
bi . Y ) Samine hydrochloride from Matheson Scientific was used, and

lochemical studie8. Furthermore, carbonyl compounds likely 0 o rce of ammonium acetate was Baker Chemical. Water
are involved in photoreactions that affect carbon, nutrient, sulfur, was treated by a Barnstead Nanopure model D-7331 purification

_and metal cy_cles in freshwater and marine en_vironments andsystem. Acetonitrile (HPLC grade) from Burdick and Jackson
in atmospheric condensed pha3e¥ Photoreactions enhance andn-hexane (Sigma, 98% pure) were used as received. Al

the biological availability of persistent natural organic polymers  ihar chemicals were of reagent grade quality and used as

such as humic substances, cleaving them into lower molecular o .qiyed. Generally, phosphate buffer (5.0 mM) was used for
weight organic compounds that can be readily assimilated by pH region 4.6:8.0. Addition of dilute HCI solution was

i i 2,24,25 i . . i .
microorganisms! These aqueous photoreactions also geq to adjust the pH below this range, and addition of dilute
produce gases such as carbon dio¥@earbon monoxid@?c NaOH solution was employed above this range.

" 20q o
agd cbarbony(flhstulf|dé, _twgh concurrer;t :_edUC'[fIOrI]‘I meIJV | Preparation of Solutions for Kinetics Studies. Valerophe-
absorbance that permits deeper penetration ot harmiul Solar, e sojutions were prepared using two different methods for

UV-B _radlatlon (29&?’_15 hm) into aquatic en\_/lronmerﬁ%. comparison. Stock solutions of valerophenone were prepared
Reactive oxygen species produced on absorption of solar UVin pure water as previously describ&The aqueous solubility
radiation have been shown to mediate these reactions. of valerophenone was found to be &ﬁ(T“ M at 25°C. This
Although structural elucidation of the photoreactive chro- ggjution was diluted to concentrations?.0 x 10~4 M for the
mophores in humic substances are scarce, a few studies suggegheasurements of UWvisible absorption spectra and for the
that carbonyl compounds are involved. The lignocellulose photochemical kinetics studies. Alternatively, 501076 M
component of organic matter in freshwater and coastal marine aqueous solutions of valerophenone that contained 0.05 vol %
environments has been shown to be photoreagti#. Past acetonitrile were prepared from 0.010 M stock solutions of
research has demonstrated that type Il cleavage of ketoneyalerophenone in acetonitrile. After addition of the acetonitrile
moieties incorporated within synthetic organic polymers en- solution to the water, the resulting solution was stirred magneti-
hances their environmental degradability by sunlghtho- cally for at leas 2 h to ensure complete dissolution of the
tochemical degradation of marine organic matter to produce yalerophenone. The photoreaction of valerophenone occurred
various alkenes has been proposed to involve type Il reactionat the same rate in pure water and in the solution containing
of UV-absorbing carbonyl compound$.A recent study further  0.05% CHCN. Removal of oxygen by bubbling the solution
demonstrated that aromatic ketones likely are involved in with nitrogen or argon had no effect on the rate constant within
photosensitized and free radical oxidations in condensed phasegxperimental error, although bubbling did reduce the initial
of the atmosphere (clouds, fog, and rain dropi€tsin addition concentration of valerophenone by volatilization. Therefore,
to their role in environmental reactions, photoreactions of phenyl most of the photochemical studies were conducted using non-
alkyl ketones such as valerophenone may provide a convenientdegassed water containing trace amounts of;@¥ The
actinometer for measuring irradiance fluxes in the UV-B region solutions were freshly prepared each day. Aliquots (3.00 mL)
(290-315 nm). Finally, synthetic contaminants that are intro- of the 5.0x 10-6 M solutions of valerophenone were added to
duced into lakes, rivers, and oceans by human activities haveeither 100 x 13 mm Pyrex test tubes (for the temperature
carbonyl constituents, for examplgp-dichlorobenzophenone,  studies) or 1.00 cm path length quartz cells (for the quantum
and studies of their photoreactions can provide useful informa- yield studies) and tightly capped. Acidic solutions (0.100 N
tion for mathematical models of their environmental fate and sulfuric acid) of potassium ferrioxalate were stored in the dark.
transpore! Photoreactions of halogenated phenyl ketones can All glassware was soaked in dilute hydrochloric acid before
be used to probe the excited state behavior of haloaromaticuse to remove any traces of iron.
compounds? Irradiation Conditions. Temperature and pH studies were
In this paper, we examine the kinetics and products of conducted by parallel irradiation of solutions in a rotating
photoreactions of the phenyl alkyl ketone valerophenone in turntable photoreactor with a high-pressure quartz mercury vapor
dilute aqueous solution as a function of temperature, wavelength,lamp32® Wavelengths below 300 nm were filtered out by a
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borosilicate sleeve in the immersion well surrounding the lamp. columns was acetophenone/t 120, 105, 77, 51, 43, 39). Two
To isolate the 313 nm line for some of the experiments, the other products that were isomers of valerophenone also ap-
borosilicate filter was supplemented by a 1.0 cm thick solution peared. Although the retention times were similar, it was
of 0.002 M potassium chromate in 3% aqueous potassium possible to achieve baseline separation on both capillary
carbonate. The photoreactor was immersed in an insulated wateccolumns. Their mass spectra were virtually identicalz(162,
bath; a GCA Precision Scientific Group RDC 40 cooling system 134, 133, 120, 105, 91, 78, 77, 51, 39), and their retention times
maintained the temperature of the photoreactor within2 °C were strongly affected by the nature of the GC column. On
by pumping thermostated coolant through copper tubing in the the nonpolar column, these products appeared prior to vale-
water bath. Quenching studies (313 nm) also were conductedrophenone, and on the polar column, they emerged after the
in this photoreactor at 20 and 3, as were studies that valerophenone peak. Irradiation of valerophenone in acetone
compared the kinetics of air-saturated and nitrogen-saturatedproduced two isomers with the same retention times and mass
solutions. The latter were conducted using completely filled, spectra as those produced in water. Earlier studies demonstrated
gastight tubes with Teflon-lined septum caps. Quantum yield thattrans-1-phenyl-2-methylcyclobutanol was the major cyclic
studies of valerophenone at various wavelengths were conductedhotoproduct in acetone and the other isomer was the corre-
using the Spectral Energy Monochromatic lllumination System, sponding cis isome¥ The trans isomer also was the major
which consists of a 1000-W xenon lamp, double monochroma- cyclobutanol formed in water. In contrast to retention times
tor, and sample compartment equipped with a magnetic stirrer. observed on packed columns such as QF-1/Carbowax, the trans
The band-pass of the monochromator was setl0 nm. To isomer emerged after the cis isomer on the capillary columns.
determine light intensity, well-stirred aqueous solutions of acidic The concentrations and yields of the cyclobutanols were
potassium ferrioxalate (0.15 M in 0.1 N.8QO;) were used as ~ computed from peak integrations of data obtained with flame
actinometer. At each wavelength, three replicate samples ofionization detection, assuming that the cyclobutanols had the
both valerophenone and potassium ferrioxalate solutions weresame response as valerophenone. The yield of acetophenone
irradiated with stirring, alternating valerophenone and ferriox- was directly determined from the HPLC chromatographic data.
alate solutions. In addition to these major products, another minor produ2€6
Equipment. For the kinetics studies valerophenone and Yi€ld, assuming the same response as valerophenone) was
acetophenone were analyzed by direct injections of the aqueougPServed on the DB-5 column. The mass spectroz {44,
solutions into an HPLC system consisting of a Waters Associates 129 115, 91, 77) exactly matched the spectrum of 1-phenyl-
high-performance liquid chromatograph model 600 pump, a cyclopentanol that is included in the database of the NIST Mass
variable wavelength U¥-visible detector (set at 245 nm), a  SPectrometry Data Center.
Hewlett-Packard ChemStation for data acquisition and integra-  Kinetics Procedures. The molar absorptivities of the iron-

tion, and a Whatman Partisil ODS-3 column {780 or 75~ (Il) —ferrozine and iron(ll}-phenanthroline complexes used to
25% acetonitrile/water as mobile phase). Electronic absorption analyze Fe(ll) in the ferrioxalate actinometers were determined
spectra were measured using a Shimadzu 265-Usible experimentally under the same conditions used to analyze the

spectrophotometer. Measurements of pH were made using arfefrioxalate actinometers. The molar absorptivity of the Fe-
Orion Ross 8102 combination electrode calibrated using NIST (I1) — ferrozine complex [1.08< 10~% M ferrozine, (+-10) x
buffers. Photoproduct mass spectra were obtained using al0°M Fe(Il)] at pH 4.55 (0.020 M ammonium acetate buffer)
Hewlett-Packard Series I model 5890 gas chromatograph Was determined experimentally to be 27 300 L maim™ at
equipped with an HP 5972 Series mass selective detector with562 nm, in close agreement with previous studfe3he molar

limited mass range. absorptivity of the Fe(Ih-phenanthroline complex was 11 200
-1 o1 i
Photoproduct Identification. An aqueous solution (50 mL) L mol™ cm™ at 510 nm, as prewously reporté‘d. )
of valerophenone (4.00x 104 M) was irradiated using Two methods were used in the analysis of the potassium

borosilicate-filtered radiation from a mercury lamp until reaction ferrioxalate actinometer (0.15 M). In the first, exposed potas-
had reached the first half-life. For comparison, a solution of Sium ferrioxalate solution (100L) was added to 3.00 mL of
valerophenone (4.02 104 M) in acetone was irradiated under 1.0 x 10* M phenanthroline and alloyved to react in the dark
the same conditions. The concentrations of valerophenone and©" 1 h. The absorbance of the solution was then measured at
acetophenone from the aqueous photoreaction were determine0 Nm. In the second method, exposed potassium ferrioxalate
using HPLC analysis. The solution was transferred to a (604L)and 1 M ammonium acetate buffer (160) were added
separatory funnel and extracted three times using methyleneto 3-00 mL of 1.0x 10™* M ferrozine. The reaction was
chloride. The extract was concentrated, dried over anhydrousC0Mmplete within 5 min, after which time the absorbance of the
sodium sulfate, and analyzed by GC/mass spectrometry usingS0lution was measured at 562 nm. The absorbances of
nonpolar and polar capillary columns to separate the products.Unexposed blanks were determined using the same procedure.
Two capillary columns were used to separate the photoprod-All @nalyses were performed in triplicate. The number of
ucts: (1) a Chiraldexg-cyclodextrin B-DM) column (30 mx einsteins per_llter that entgred the cell per unit timg Wwas

0.25 mm) purchased from Astec Co.; (2) a DB-5 column (30 ¢@lculated using the equation

m x 0.25 mm) that was purchased from J&W Co. The polar

Chiraldex column was used isothermally (1%T) with carrier I, = (Abslec) (Vi/V;) (1)/Ppeqy) 1)

gas flow at 1 mL min?, and the nonpolar DB-5 column, also

with carrier gas flow at 1 mL mint, was programmed with an  where Abs is the difference between absorbances of blank and
initial isothermal period at 58C (1.0 min) followed by a steady  exposed potassium ferrioxalate:. the experimentally deter-
increase in temperature at a rate of@ min~t. Three major mined molar extinction coefficient for Fe(ll) comple¥; the
products were observed on both columns, in addition to final volume, either 3.21 or 3.10 mL; the volume of solution
unreacted valerophenone. Under the conditions used for thetaken, either 60 or 100L; t the exposure time in h; arfire
analysis, low molecular weight gases, for example, propene, the quantum yield for Fe(ll) photoproduction (from Hatchard
were not detectable. The product that eluted first on both and Parket).
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TABLE 1: Comparison of Yields of Valerophenone Type I 104 |
Photoproducts in Water (20 °C)2 and in Organic Solvent$
yield, % trans%girsratio §
solvent  acetophenone cyclobutanots/clobutanols  reference e
[e]
water 65+ 4 32+ 3 24 this study & 105 |
acetonitrile 85 15 2 37 s
tert-BuOH 90 10 2 37 =
acetone d d 2@ 35, this study ©
d d 5.4 this study =
benzene 82 18 4.2 37,38
hexane 87 13 5 37 106 | .
aValerophenone concentration 4.0 104 M for cyclobutanol 0 20 40 60 80 100 120 140 160 180
measurements; acetophenone yield determined at valerophenone con- Time, min

centrations ranging from 5.2 1076to 4.0 x 10™* M; average yieldt
standard deviation for five replicates reporté¥.alerophenone con-
centration 0.10 M except where notéd.-Phenyl-1-cyclopentanol also
formed in~2% yield. ¢ Not determined® 5% valerophenone in acetone;
determined by elution chromatography in ref 35 and gas chromatog-
raphy in this study’5.0 x 10~ M valerophenone in acetone.

Figure 1. Effects of changing concentration on valerophenone pho-
tokinetics in aqueous solution. Slopes of first-order plots were linear
out to 2 half-lives 2 > 0.95) with no change within experimental error
over a 20-fold variation in initial concentration.

quantum vyield for reaction as well as the light flux. The

Valerophenone and acetophenone were analvzed b HPI_Cconditions are usually quite different in aqueous media. Due
aleropnenone and acetophenone were analyzed by to solubility limitations, the concentrations of such ketones are
as noted above, using injections of 100 of the reaction

solution. Concentrations were determined by comparin eaktypically sufficiently low that only a small fraction of the
ution. rations w nined by paring peak;n .iqent radiation is absorbed (i.e., with light path lengti)
areas in the reaction mixtures to calibration standard curves.

All chromatographic data were acquired and analyzed by cm). Under these conditions the fraction of light absorbed by
computer using the HP ChemStation software. the ketone, and hence its light absorption rate, is approximately

. . proportional to its concentration. Thus, the overall photoreaction
Lotus 123 (v. 5) was used to conduct exponential regressions e of the ketone and the rate of production of nonphotoreactive

for the valerophenone or acetophenone concentrations Versusqycts can be described by pseudo-first-order kinetic expres-
time data. Pseudo-first-order rate constants were calculated fromsionsa_ts,m The first-order rate constant is proportional to the

slopes of the regressions. reaction quantum yield and to the cross-product of the irradiance

and the molar absorptivity of the ketone integrated over all the
Results effective wavelengths of the light source. Moreover, because

Photoproducts in Water. Type Il cleavage to acetophenone thg photoproducts are fully exposed to the radiatiqn, their
and propene and cyclization to two isomeric 1-phenyl-2- buﬂ_dup occurs only if they are much less photoreactive than
methylcyclobutan-1-ols were the dominant pathways for the their precursor. . . 4
photoreaction of valerophenone in water. The cyclic product, The S°'“b"'t>( limit O_f valerophe_n_one In water is 8>.<1 107
1-phenylcyclopentanol, also formed with a low yield2%). M, and even atits maximum SOl.u.b'"tyZ the quantum y|¢|d§ could
As discussed below, the total quantum yields for these photo- "t Pe determined under conditions in which the radiation was
reactions are close to unity. The photoreaction can be followed COMPletely absorbed. With continuous irradiations slopes of
by HPLC using reverse phase columns with a UV detector (245 Iog plots of vak_arophenone concentration versus time were I_mear
nm). Acetophenone is the major detectable product. The (r values'typlcally'>0.95) with thse same sIoEes at initial
cyclobutanols absorb UV radiation more weakly than vale- concentrations ranging from 5:010- t051.0>< 10-M (Figure
rophenone or acetophenone and are difficult to detect at sub-1)- An |n|t|_al concentration of 1.& 107> M was used for most
micromolar concentrations. In these studies the cyclobutanolsOf the studies reported here. Thg quantum yield at wavelength
and the cyclopentanol were identified by combined GC/MS and/ # (®11.2) was computed Er:)m the first-order rate constakis]
or by comparisons of their retention times to authentic samples )] Using the equatict
that were prepared by valerophenone photolysis in acéfone.

At 20 °C cleavage accounted for 853% of the photoreaction d. . = M )

and cyclization for 32+ 3% (mean# standard deviation of 147 2.303(,)(¢,)()

results for five separate experiments). Although cleavage was,

as expected, the predominant reaction, the ratio of cleavage towhere |, is defined by eq 1¢; is the molar absorptivity of
cyclization was considerably lower than that observed in organic valerophenone at wavelength andl is the light path length.
solvents (Table 1). The difference is particularly pronounced Ferrioxalate actinometry was used to measljyre Quantum

in the case of comparisons with polar solvents, for example, yields were found to be close to unity in the 29880 nm range
alcohols, where cleavage usually accounts for 90% or more of (Table 2). The quantum yield for acetophenone formation (0.65
the type Il reaction and cyclization is a very minor reaction 4 0.03) remained approximately constant outtd half-lives,
pathway. In aprotic solvents the trans:cis ratio of cyclobutanol and acetophenone was shown to be stable in this wavelength
products is in the 45 range; this ratio drops to 2.6 in water, region during the period used for the irradiations. A series of
about the same as observed in polar organic solvents (Table 1)experiments at various temperatures in the 20°C range with

Quantum Yields. Studies of aromatic ketone photoreactions borosilicate-filtered polychromatic radiatioa & 300 nm) or
involving steady state irradiations in organic solvents often have 313 nm radiation from a mercury lamp at constant light intensity
been conducted under optically opaque conditions with low indicated that the first-order rate constant and thus the average
conversions to photoproducts. Under these conditions the @, were temperature-independent (Table 2).
photoreaction kinetics are zero-order with respect to ketone Variations in pH had no detectable effect@g over a broad
concentration and the photoreaction rate is proportional to the pH range (from pH 9 to 2). At pH<2, however, the rate
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TABLE 2: Molar Absorptivities and Quantum Yields for A 14000
Total Norrish Type Il Reaction (Cleavage and Cyclization) '
of Valerophenone (20°C) S
molar absorptivity quantum yields 2~ 1%
wavelength, nm  tempgC (e2) M~cmY) [Du(1)]? % £ 8000 4
(]
290 25+ 1 755 0.97+ 0.0% < oo
300 25+ 1 287 0.98+ 0.02 &2
310 25+ 1 117 0.98+ 0.04 S M
313 25+ 1 101 0.99+ 0.02 2000 4
320 25+ 1 71.8 0.98+ 0.04 .
gig ig:gi' O 5 i%f 82771: 882 200 2%0 2:10 2é0 2&0 300 320
313 20.0+ 0.2 101 0.99+ 0.03
313 30.0+ 0.2 101 0.98t 0.02
polychromatic ~ 10.Gt 0.2 d 0.98+ 0.05 B 1s00F
polychromatic 20.: 0.2 d 0.99+ 0.05 r
polychromatic ~ 30.Gt 0.2 d 0.98+ 0.0 > r
polychromatic ~ 40.Gt 0.2 d 0.98+ 0.0 2 10000
o~
aMean of triplicate experimentst{standard deviation); band-pass 3 E r
was £1.0 nm for studies at 25C. "Computed using eq E.Average 272 i
value computed by multiplying quantum yield at 313 nm by ratio of 8= 500
rate constant at temperature of experiment to that af@0! Not 3 +
applicable. I
0

T T T T T
260 280 300 320 340
Wavelength (nm)

Figure 3. UV absorption spectra of valerophenone in aqueous solution
compared to spectra in organic solvents and an acetonitrile/water
mixture: (A) comparison of spectra in hexane, acetonitrile, 25%

A Valerophenone, Type Il acetonitrile/water, and water, illustrating red shiftin-z* transitions;
| & o) chtgphenone, tripllettabbsorb:nce (B) long-wavelength part of absorption spectra compared, illustrating
04 8 ©_ Propiophenone, triplet absorbance blue shift of n—a* transition and red shift afr—z* transitions in going

kObS/km or AypdAz o
o

from the polar organic solvent, GBN, to water.

45
0.0 - T r - r T T
ot 2z 3 4 5 6 7 40 S Sorbic aicoho
pH 350 |m Sorbic acid
Figure 2. pH effects on first-order rate constants for photoreaction of 30l
valerophenone (1.& 10> M) and on triplet-triplet absorbances of ((Dn)o
acetophenone and propiophenédhélhe valerophenone results are m 25¢
represented by a line fit to the data using a polynomial expression in Ll kat= 152 (20°C)
Sigma Plot. The pH effects on the triplet absorbances of acetophenone
and propiophenone were previously measured by Shizuka and Kifnura. 1.5¢
All data were normalized to results at neutral pH. 1.0
constants dropped sharply with increasing acidity (Figure 2). % 5 10 15 20 25

Quencher Concentration (mM)

To compare pH effects on valerophenone triplets with those _ _
previously determined for acetophenone and propiophenonefigure 4. Comparison of SteraVolmer quenching plots of vale-

triplet—triplet absorbance in 4:1 #/CHCN '8 the data for all rophenone photoreaction in water atDusing sorbic alcohol or sorbic

h K lized | btained acid as triplet quenchers. Quenching effect is the same for both dienes.
t ree etones _Were norma ized to results 0_ tame at pH 7 1pe guenching data for sorbic acid were corrected for light screening
(Figure 2). This comparison shows that the titration plots for effects: maximum correction was10%.

triplet absorbance reduction with acetophenone and propiophe- ] ) .

none were quite similar to those observed for reduction of the Of the triplet quenchers sorbic alcohol (2,4-hexadien-1-ol) or

valerophenone photoreaction rate constants in water. sorbic acid (2,4-hexadienoic acid) to the system. As shown in
UV Absorption Spectra. Unsubstituted phenyl ketones Figure 4, SteraVolmer quenching plots of valerophenone

T X 0 .
absorb UV radiation in the UV-B (280315 nm) and UV-C photoreaction in wdater are Ilrr:ear out t80% ?(;Jenth:ng. Ind
(200-280 nm) spectral region (Figure 3). There is a pro- Figure 4, (D)o and @, are the quantum yields without an

A . ) with added quencher, respectively; [Q] is the quencher con-
nounced solvent effect on the spectrum in this region, with a

: . L centration; andkqr is the quenching constant. At higher
blug shift of the wea'kly absorbing-fr* tra”S'F'F’” in the UV-B concentrations of sorbic acid, the rate constant also was reduced
region and a red shift of the—z* (1L,) transition (237 to 245

. . . g somewhat by light screening by the quencher. After correction
NMmay) in changing from organic solvents to water. The shifts ¢, 1he jight screening effect, the quenching constant for sorbic
occur even in changing from polar solvents, such as acetonitrile, 4¢jg was the same as that for sorbic alcohol within experimental
to water. Interestingly, the shift in going from nonpolar hexane oror. The value of the quenching constant in water in
to polar acetonitrile 1.1 kcal mot?) is considerably lower temperature-dependent, ranging from 1521\at 20.0°C to
than the shift in going to watert(4.2 kcal mot?). 138 M1 at 30.0°C. Therefore, when added quencher is present,
Quenching Studies. The type Il quantum yield for vale-  the temperature must be well-defined to ensure reproducible,
rophenone can be reduced (and half-life increased) by additionaccurate results. StertVolmer quenching constants in water
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TABLE 3: Quenching Constants and Triplet Lifetimes for
Valerophenone in Water and Organic Solvents

kqx 1079,

solvent kg, M™ M7tst  ¢x10%, s reference

water 1524 52 2.9 52 this study
138+ 4 3.6 38
wet acetonitrile 63 7.2 8.7 39
acetonitrile 38 11 3.6 37
tert-BuOH 40 2.3 14 37
methanol 90 55 16 39
benzene 36 5.0 7.2 37
5.6 7

hexane 78 11 7.2 37

aMean of triplicate experimentsHstandard deviationf. Quenching
constant for sorbic alcohol in wat&¥#°Value at 30°C computed by
assuming temperature changeskipare inversely proportional to
changes in viscosity of water (from ref 42).
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benzene ring of valerophenofe.Interestingly, the triplet
lifetime of valerophenone is prolonged to the same extent by
p-methyl substitutiohas by a solvent change from hydrocarbon
to water (Table 3)~7-fold increases were observed in both
cases. Spectroscopic evidence indicatesgmethyl substitu-
tion inverts the reactive n¥ and unreactiver,7* triplets of
phenyl ketones, thus reducing their triplet reactivifie®y
analogy, the spectral shift and triplet lifetime increase observed
for valerophenone in water support the proposition that these
triplets have inverted in response to solvent perturbations.
Wagner et af.have argued that the lower triplet reactivity likely
results from a combination of vibronic mixing of thexi,and
zrr* states which leads to a lowest energy, unreactiye*
mixed state and a slightly more energetic reactive* mixed
triplet. It was further proposed that these two states may be at
an equilibrium in which most of the triplets populate the
unreactive state, thus reducing overall triplet reactivity. In

are considerably higher than such constants that have beenyther support of this idea, Scaiano’s grdypovided temper-

observed for valerophenone in organic solvents (Table 3).

Discussion

ature studies of the triplet lifetimes of methoxyl-substituted
phenyl ketones that indicated that their photoreactions proceed
from reactive upper m* triplets that are thermally populated
from lower energy, less reactiver* triplets. Detailed studies

As discussed in the Introduction, solvent and pH effects on 4t emperature effects on the triplet lifetime of valerophenone

the photoreaction kinetics and products of phenyl alkyl ketone

were not conducted, but it was shown that the quenching

depend on several factors that relate to the nature of the lowest,q\iant dropped 10% to 138+ 4 in going from 20 to 30C

triplet as well as interactions of the biradical intermediate with
the solvent. In the following discussion, we first consider the

relationship between spectroscopic data, quenching results, an
past studies of phenyl ketones to infer the effects of water on
the triplet reactivity of valerophenone. The effects of water on
the biradical reactivity are then discussed, taking into account
the quantum yields and photoproduct distributions. Next, the
mechanism for reduction of the quantum yield with increasing
acidity is considered. Finally, we consider the potential use of
valerophenone as an aqueous actinometer for the ultraviolet

spectral region.

Triplet Reactivity in Water. Previously determined spec-

troscopic results have substantiated that phenyl alkyl ketones

have lowest n* and 7r,t* excited states that are close in energy
and vibronically couple&16.17 Stabilization of ther,z* triplet

corresponding to ar-37% increase in triplet reactivity (Table

). The increase in reactivity in this temperature range is larger
han that observed in organic solvents for valeropheridne,
possibly reflecting a larger activation energy required to populate
reactive upper m* triplets in aqueous mediuf’ Although
valerophenone triplets are longer lived in water than in organic
solvents, oxygen quenching of the triplets still is not experi-
mentally detectable in air-saturated water, whese@ncentra-
tions are only~0.2 mM.

Biradical Reactions in Water. As expected from earlier
studies, the quantum yield for type Il cleavage and cyclization
of valerophenone jumps to nearly unity in water (Table 2),
sharply higher than in nonpolar organic solvents. The quantum
yield in water is essentially temperature- and wavelength-

states occurs on addition of electron-releasing substituents suct{ndependent when the-nz* absorption band is irradiated (Table
asp-methoxyl groups to the aromatic ring or on an increase in 2). Previous studies have established that the photoreactions

solvent dielectric constant and hydrogen-bonding aflliguch
stabilization is evidenced by red shifts of the-z* electronic
transitions, which are generally located in the 2380 nm
spectral region. Shifts in thé.x of the second benzene
transition (theé'L, band) in the UV absorption spectrum are most

of aromatic alkyl ketones with- andd-carbor-hydrogen bonds
can be altered by interactions of their 1,4- and 1,5-hydroxy
biradical intermediates with polar, hydrogen-bonding solv&rts.
Abstraction of hydrogen from thg-carbon to produce the 1,4-
biradical is strongly favored over abstraction of thlydrogen

readily apparent. Water has a high dielectric constant and it is to form the 1,5-biradical (Scheme 1). Polar and basic solvents

an excellent H-bonding solvent, so tHe, band of valerophe-

such as water slow the disproportionation of biradical intermedi-

none shifts significantly to longer wavelengths in aqueous media ates to starting ketone, thus enhancing biradical lifetimes and

compared to organic solvents. In comparison,ths for the

1L, band is shifted only slightly in going from nonpolar hexane
to polar acetonitrile (Figure 3). The same is true for “wet”
acetonitrile: addition of 2% up to 10% water hardly affected
the UV absorption spectrum. Likewise, the triplet lifetime of
valerophenone in acetonitrile and “wet” acetonitrile is similar
to its lifetime in hydrocarbon media (Table 3). However, the

overall quantum efficiencies for photoreaction compared to
nonpolar solvents813.14 On the basis of previous observations

that the cyclization efficiency decreases in changing from
hydrocarbon solvents to alcohdfs® we anticipated little or

no cyclization in water. Instead, cyclization accounted for
almost one-third of the reaction of the 1,4-hydroxy biradicals
in water (Table 1). In addition to the cyclobutanols, we detected

spectrum in a 4:1 water/acetonitrile mixture was almost the samea small amount{2% yield) of 1-phenylcyclopentanol, a product

as in water (Figure 3). In water the'8;, transition is lowered
~8 nm, corresponding to 4.2 kcal méd] compared to hydro-
carbon solvents (Figure 3A). At the same time thes
transition is increased 2 kcal mol?, because the lowestst;,
state is less polar than the ground state (Figure 3B).

The solvent shift observed in water is remarkably similar to
the shift observed when@methyl substituent is added to the

from cyclization of the 1,5-biradical formed frodthydrogen
abstractiort>38 On the other hand, the 2.4:1 trans to cis ratio
of cyclobutanols formed in water (Table 1) parallels the usual
reduced selectivity that is observed in alcohdlsWe assume
that the higher yield of cyclic products may reflect the great
sensitivity of the cleavage reaction to conformational fac-
tors891215 Cleavage of a 1,4-biradical can occur efficiently
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only in a conformation in which the two p orbitals are parallel comparison shows that the reduction of the valerophenone
to the carbor-carbono bond being broken. Hydrophobic photoreaction rates in water with decreasing pH was very similar
interactions between water and the alkyl chain of the biradical to titration plots for triplet absorbance reduction with acetophe-
may inhibit the assumption of such a conformation. none and propiophenone in 4:3G/CH;CN. The UV absorp-

Although it has been reported that oxygen can affect the yield tion spectra of phenyl ketones are almost the same in 4/ H
of type Il photoproducts from valerophenone through scavenging CHsCN as in water (Figure 3), suggesting, as discussed above,
of the biradical intermediate in organic solvents and “wet” that the triplet reactivity is about the same in both solvents.
acetonitrile?! these effects are observed at oxygen concentrationsAssuming that the solvent difference has minimal influence on
that are well above that found in air-saturated water. Oxygen the results, these results indicate that adidse equilibrium is
is at least an order of magnitude less soluble in water than in achieved in the case of valerophenone, despite its much shorter
organic solvents and, consequently, oxygen in air-saturated watefexcited state lifetime. Using the midpoint of the valerophenone
(concentration is~0.2 mM) has no detectable quenching effect titration curve, we estimate that the triplé¢gof valerophenone
(<5%). is ~0.9, within 0.3 unit of the K, values reported for the

pH Effects on Valerophenone Photoreactions.Previous acetophenone and propiophenone triptétsThe (K, for the
studies of the acidbase reactions of excited organic compounds propiophenone triplet is~0.15 unit higher than that for
have employed methods involving assumptions that the proton acetophenon& likely due to an inductive effect caused by
transfer reactions are sufficiently rapid that acithse equilib- additional substitution on the alkyl side chain. The slightly
rium can be achieved during the lifetime of the excited state. higher value for valerophenone also likely is attributable to such
In the case of phenyl ketones, atidase equilibria were shown  an inductive effect.
to be established within the triplet state lifetimes of acetophe- Valerophenone as an Ultraviolet Actinometer. Valerophe-
noneigegoplophenone, benzyl phenyl ketone, and benzophe-one has long been used as a UV actinometer for laboratory
none:" pKa values of protonated triplet ketones were found - gy, gjes in organic solvent$:14 The present study indicates that
to be 5-6 orders of magnitude larger than those for the i iq 550 a convenient, readily analyzed, optically thin actinom-
corre;pondlng grounq states. pH. effects'on the triplets were eter for studies in weakly absorbing aqueous solutions. Organic
ﬁfl:a%rr]r?gego% rgfeai?ghn%rzhfggffeg J\t;tehtirgoclregai?ﬁorgggﬁe anOIsolvents cannot be used for such studies due to refractive index
The Iifétimes of the phenyl alkyl ketones acetopﬁenoneyénd effects that amplify the light flux entering the reaction cell. This

. VI ’ is particularly true with multidirectional light sources such as

propiophenone, are-11.2 us in circumneutral water;-20—24 L T
. . sunlight impinging on curved surfaces such as test tubes. The
times Ionger_ than _that of vale_rophe_none. The shorter I|_fet|me photoreaction rates in dilute aqueous solution are unaffected
of the latter is attributable to its rapigthydrogen abstraction, qby the photoproducts that form, and the lifetime of valerophe-

a reaction that is not available in the case of acetophenone an is sufficiently brief that air-saturated soluti b q
propiophenone. Thus, valerophenone triplets have considerabl))~I0ne IS sulficiently briet that air-saturated solutions can be use

less time to reach acicbase equilibrium. To compare pH ‘ithout significant quenching effects.

effects on valerophenone triplets with those on acetophenone Using data and equations discussed earlier, the number of
and propiophenone triplets, we compared the previously deter-€insteins per liter that enters the cell per unit tihg ¢an be
mined pH dependence for the triplet absorbance data for computed from the first-order rate constant for valerophenone
acetophenone and propiophenone with the kinetic data for photoreaction. For example, at 313 nm in a reactor with a 1.0
valerophenone photoreaction. To facilitate this comparison, the cm path length, a commonly used system for photochemical
data for all three ketones were normalized to results obtained studies|; = 4.30 x 10 3kqpseinstein L1 h™1, wherekgpsis the

at pH 7 and a line depicting a polynomial fit to the kinetic data pseudo-first-order rate constant expressed i Fhe photolysis

for the valerophenone results was obtained (Figure 2). The rates and half-lives{},) of dilute, aqueous valerophenone under
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Figure 5. Half-lives computed for valerophenone photoreaction in
sunlight on clear days at latitude 4. The half-lives were computed
using a mathematical modé# that uses quantum yields, absorption
coefficients, and simulated solar spectral irradiance to compute pho-
tolysis rate constants.

polychromatic light sources can be computed using the equa-
tions*45

®)
“4)

rate= [V] f 2.3037'E, 6, @, , dA = kypdV]
t;, = 0.693k

where kops is the pseudo-first-order rate constant for the
photoreaction; [V] the valerophenone concentratiBp; the
scalar irradiance at wavelengthandj a unit conversion factor
that, for example equals 6.02 10?° when the irradiance is
expressed in units of photons cAs1. The rates in sunlight
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