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ABSTRACT: The quantitative, efficient (Φ = 0.8) photorelease of the
fluoride ion upon UV-irradiation in aqueous media is introduced. The 4-
hydroxyphenacyl chromophore is simultaneously transformed into UV-
transparent 4-hydroxyphenylacetate via a photo-Favorskii rearrangement.
The application of this process is demonstrated by photoinduced etching of
mica and silicon by AFM.

Targeted delivery by release of reactive chemical species
with precise spatial and temporal resolution is highly

sought after in many technologically driven fields. The fluoride
ion, for example, has been recognized as a key effector in the
growth and function of mammal hard tissues, such as teeth and
bones,1 cell metabolism,2 and recently as a key component in
fluoride-selective riboswitches in gene regulation.3 Fluoride is
used in dental medicine applications4 and in organic synthesis,
especially for deprotection of silyl protecting groups.5 Both HF
and NH4F have been widely used for etching of silicon oxide
(e.g., glass) and silicon surfaces, especially for microarchitecture
fabrication in computer chip production. Normally, a surface is
covered with a protective layer or a temporary inhibitor (e.g.,
photoresist in microchip fabrication)6a,b which is subsequently
removed by irradiation allowing a chemical agent to modify
(etch) the exposed areas.7a,b The mechanism of surface etching
with fluorides has been thoroughly studied, and fluoride has
been found to successfully insert into the Si−H, Si−OH, and
Si−Si bonds to form monomeric and small oligomeric
molecules of general structure HxSiyFz.

8a−c

The controlled release of reagents from photoremovable
protecting groups (PPGs) has been demonstrated to afford
exquisite spatial and temporal delivery of biologically active
reagents.9 To our knowledge, only one fluoride-releasing PPG,
a 3′,5′-dimethoxydesyl derivative, has been reported,10 but poor
water solubility and a highly absorbing byproduct (causing
substantial internal filter effect) have precluded further
development.
The 4-hydroxyphenacyl (pHP) group photoreleases a wide

variety of reagents, possesses excellent water solubility, and
efficiently (Φ = 0.1−1.0) and rapidly (kobs = (7−100) × 108

s−1) releases the reagent or leaving group. The chromophore is
transformed via a photo-Favorskii rearrangement into a

phenylacetic acid through rearrangement of the short-lived
triplet biradical intermediate (Scheme 1).11a−d

In this work, we introduce 4-hydroxyphenacyl as a
photoremovable protecting group for release of the fluoride
ion. The chemical yields, quantum efficiencies, and kinetics for
F− release and mechanistic considerations from time-resolved
transient absorption measurements are provided along with
several surface etching applications.
Synthesis. 4-Hydroxyphenacyl fluoride (1) was prepared

from 4-hydroxyacetophenone in four steps in 55% chemical
yield (Scheme 2). The absorption spectra of 1 in water (pH =
5.0; λmax = 281 nm, ε = 1.12 × 104 dm3 mol−1 cm−1; Figure S7)
and acetonitrile (λmax = 271 nm, ε = 1.17 × 104 dm3 mol−1

cm−1; Figure S7) are similar, and the bands are assigned to the
neutral form. In basic aqueous solutions (pH = 10.0), the major
absorption band at λmax = 331 nm (ε = 1.74 × 104 dm3 mol−1
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Scheme 1. Photochemistry of pHP Derivatives
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cm−1; Figure S7), similar to that of unsubstituted 4-hydroxy-
acetophenone,12 corresponds to the phenolate form of 1. Only
a very weak fluorescence of 1 was observed (Figure S12) in
acetonitrile. The pKa = (7.59 ± 0.06) of the OH group of 1 was
determined by spectrophotometric titration using global
analysis of the spectra (see Supporting Information for details;
Figure S11). Deconvolving the data provided the individual
spectra of 1 and its conjugate base, identical to those measured
at pH 5 and 10. pHP fluoride 1 is chemically stable in aqueous
solutions at pH = 5 in the dark for at least 7 days, and less than
10% is consumed in 7 days at pH = 10 (1H NMR).
Photochemistry. Exhaustive irradiation of pHP fluoride 1 in

aqueous solutions at λirr = 313 nm led to the release of the
fluoride ion, determined by 19F NMR, in very high chemical
yields with a disappearance quantum efficiency (Φdis) of 0.84 ±
0.02 (Scheme 3, Table 1). 4-Hydroxyphenylacetic acid (4),

which typifies a photo-Favorskii rearrangement,13a,b was the
exclusive byproduct in aqueous acetonitrile or buffered
solutions. Methyl-d3 ester of 4-hydroxyphenylacetic acid (5)
was produced along with 4 when 1 was irradiated in CD3OD
solutions. Formation of 4-hydroxybenzyl alcohol, which in
some cases14 accompanies photolysis of pHP derivatives, was
not observed. pHP fluoride was unreactive when photolyzed in
acetonitrile (<0.1% water).
The quantum efficiency of 1 in aqueous buffer at pH = 5.0

was approximately 16-fold higher than that at pH = 10.0,
similar to that observed in unbuffered aqueous media (Table
1). This is in accord with a substantially lower reactivity of the
4-hydroxyphenacyl anion compared to that of the neutral form
as demonstrated by Givens, Wirz and co-workers before14 and
reflects the energy difference between the neutral triplet of 4-
hydroxyacetophenone and its corresponding triplet anion.11c,15

Transient Kinetic Study. The transient absorption spectra of
1 (c = 2 mmol dm−3) were recorded in acetate buffer (I = 33
mmol dm−3, 40% aqueous acetonitrile, v/v, pH = 5.0) in 0.15
ps steps up to a 18 ps delay (Figure S13). Immediately after
excitation, the transient absorption signal was relatively weak,
but its intensity increased at longer delays. Fitting the single
exponential kinetics to the data using global analysis17 gave
spectra of two species, which are attributed to the lowest
excited singlet (11*, λmax(abs) = 315 nm; the deconvolved
spectrum is shown in Figure S14) and the triplet excited state
(31*, λmax(abs) = 405 nm; for the deconvolved spectrum, see
Figure S14). The singlet lifetime of 11* was 2.50 ± 0.05 ps
(Figure S15) and corresponds to the appearance of the neutral
triplet 31* with an intersystem crossing rate constant of kisc =
(3.98 ± 0.10) × 1011 s−1.11d

A strong absorbance of 31* at 405 nm was observed at longer
delays after the excitation (>20 ps). The corresponding rate
constant for decay of the triplet, 3kdecay = (3.20 ± 0.08) × 109

s−1 (Figures 1 and S17), was assigned to F− release.

Concomitant with triplet decay, a weaker signal (λmax(abs) =
330, 420, and 445 nm) arose whose spectrum was obtained
from global analysis (Figure S16) and assigned to the 4-
oxyphenacyl triplet biradical as a short-lived intermediate14

previously encountered with other photo-Favorskii rearrange-
ments (Scheme 1). The triplet biradical decays with a rate
constant of kdirad ≈ (2.3 ± 0.2) × 109 s−1 (Figure S17). The

Scheme 2. Synthesis of 4-Hydroxyphenacyl Fluoride (1)

Scheme 3. Photoinduced Release of the Fluoride Ion from
1a

a5 is formed only in aqueous methanolic solutions.

Table 1. Photochemistry of 1a

solvent
yield

(F−)/%
yield
(4)/%

yield
(5)/% Φdis

acetate bufferb

pH = 5.0
98 95 n.r.d 0.84 ± 0.02c

phosphate bufferb

pH = 10.0
95 95 n.r.d 0.051 ± 0.005c

CD3CN/D2O 1:1
(v/v)

96 93 n.r.d 0.75 ± 0.05e

CD3OD/D2O 1:1
(v/v)

98 59 37 0.84 ± 0.05e

CD3OD/D2O 3:1
(v/v)

95 39 59 0.79 ± 0.05e

aAerated solutions of 1 (c = 10 mmol dm−3) irradiated at (314 ± 2)
nm (Figure S27). Each experiment was run at least in duplicate. bD2O-
based buffers with 5% of CH3CN (v/v) as cosolvent (I = 50 mmol
dm−3). cSolutions (c ≈ 5 × 10−5 mol dm−3) irradiated to <15%
conversion. Ferrioxalate (Φ = 1.24 in water)16 was used as an
actinometer. All measurements were accomplished at least five times.
dNot relevant. eSolutions (c ≈ 4 × 10−2 mol dm−3) in NMR tubes
irradiated to ∼15% conversion; the concentrations were determined
by 1H NMR.

Figure 1. Pump−probe spectra of 1 (c = 2 mmol dm−3) in acetate
buffer (pH = 5.0, I = 33 mmol dm−3, with 40% (v/v) of acetonitrile as
a cosolvent) reconstructed after global analysis (the time frame <1.7
ns; 10 ps steps).
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observed rate constant for F− release from 31* is similar to
other pHP decaging rates nicely fitting the correlation of a
Brønsted linear free energy relationship for release rate vs pKa
of several other nucleofuge conjugate acids11d (Figure S18).
Surface Etching. We performed the following experiments

to demonstrate applicability of the fluoride release for surface
modifications of silicon-based materials. A freshly prepared
surface of mica was covered with a drop of the solution of 1 (c
= 22 mmol dm−3) in a 7:3 (v/v) mixture of aqueous acetate
buffer (c = 0.1 mol dm−3, pH = 5) and CH3CN. The samples
were either kept in the dark or irradiated using a LED source at
λem = (281 ± 6) nm for 2 h, and subsequently kept in the dark
for 14 h. Afterward, the solution was removed, and the surface
was inspected by tapping-mode atomic force microscopy
(AFM). Nonirradiated surfaces exhibited surface roughness
below 300 pm (Figure S21) similar to a fresh mica surface
(Figures 2a and S19). The sample exposed to UV light showed

distinct flat surface dents of ∼2 nm depth (Figures 2b and S20)
suggesting that partial etching of the surface layer(s) occurred.
A similar type of etching has been observed upon exposure of
the mica surface to HF vapors18 or HF solutions19 and has also
been suggested as a calibration method for AFM.20 For this
work, the mica surface was also exposed to an aqueous solution
of KF (c = 22 mmol dm−3) in the dark, and the resulting
changes of the surface (Figure S22) were identical to those
found upon irradiation shown in Figure 2b.
In addition, the monocrystalline silicon surface was treated

by fluoride released by irradiation of 1 under the same
experimental conditions as described above. The silicon surface
covered by a solution of 1, whose original roughness was below
400 pm (Figure S23), remained the same in the dark (Figure
S25) but was substantially etched upon UV irradiation. A
porous structure evoking small potholes with a height
difference up to 1 nm appeared (Figure S24), resembling
structural changes observed upon treatment of silicon with aq
KF (Scheme S26), aq KOH21 or upon electrochemical etching
using a HF-based electrolyte solution.22

Conclusions. 4-Hydroxyphenacyl fluoride (1), a caged
fluoride, upon exposure to 280−330 nm irradiation efficiently
and rapidly releases the fluoride ion while simultaneously
converting the phenacyl chromophore into 4-hydroxyphenyl-
acetic acid. A photo-Favorskii mechanism is consistent with the
transient absorption experiments. The photorelease of F−

provides a readily available protocol for a temporally and
spatially controlled etching of the mica and silicon surfaces by
the released fluoride ion from 1. This protocol has additional

potential for application in engineering, material science, and
biochemical related applications.
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