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ABSTRACT: The effect of a hydrogen bond on the photochemical synthesis of silver
nanoparticles has been investigated via experimental and theoretical methods. In a
benzophenone system, the photochemical synthesis process includes two steps, which are that
hydrogen abstraction reaction and the following reduction reaction. We found that for the first
step, an intermolecular hydrogen bond enhances the proton transfer. The efficiency of hydrogen
abstraction increases with the hydrogen bond strength. For the second step, the hydrogen-
bonded ketyl radical complex shows higher reducibility than the ketyl radical. The inductively
coupled plasma-optical emission spectroscopy (ICP-OES) measurement exhibits a 2.49 times
higher yield of silver nanoparticles in the hydrogen bond ketyl radical complex system than that
for the ketyl radical system. Theoretical calculations show that the hydrogen bond accelerates
electron transfer from the ketyl radical to the silver ion by raising the SOMO energy of the ketyl
radical; thus, the SOMO−LUMO interaction is more favorable.

■ INTRODUCTION

The hydrogen bond (HB) widely exists in nature and has
attracted extensive attention for its great importance in many
science branches.1−7 The HB plays vital roles in photophysical
processes and photochemical reactions. Our group has reported
a series of works that showed that the HB has an impact on
photophysical and photochemical characteristics like absorption
and fluorescence spectral red or blue shifts,8 internal conversion
(IC),9 intersystem crossing (ISC),8,10 intramolecular charge
transfer (ICT),11 photoinduced electron transfer,12,13 excited-
state proton transfer,14 and so forth.15−18 Moreover, the effect
of an excited-state HB can be greatly strengthened or weakened
depending on the photoexcitation of the hydrogen-bonded
complexes.19,20 For the ketone system, with the presence of the
oxygen atom of carbonyl, the influence of the HB cannot be
ignored. Particularly, when H donors have functional groups
like hydroxyl (−OH), amino (>NH), and so on, the HB
interaction in these systems will be more complicated.
As the most typical carbonyl compound photosensitizer,

benzophenone (BP) is of intensive interest due to its extremely
high efficiency of ISC (ΦISC ≈1) from the n→ π* singlet to the
triplet.21−23 The photophysical properties of BP have been
studied and established: (1) BP absorbs UV light mostly at
approximately 350 nm, (2) almost all of the BP S1 goes to the
lowest triplet state T1(n,π*), which is highly reactive within 10
ps23 through ISC and IC (Figure 1); (3) when suitable H
donors exist, a hydrogen abstraction reaction occurs readily
with the yielding of ketyl radicals.21,22 The ketyl radical is well-
known for strong reducibility. Thus, the ketyl radical is widely

used in the synthesis of metal nanoparticles such as Ag, Au, Cu,
and so forth as an electron donor. In this kind of photochemical
synthesis, two main procedures are included: the hydrogen
abstraction reaction, which produces ketyl radicals, and the
reduction reaction, which yields metal nanoparticles. It is well
accepted that a HB is always involved in the proton and
electron transfers that are the key parts in the hydrogen
abstraction reaction. The previous works show that the HB can
enhance or prevent electron transfer, which is the common first
step in the hydrogen abstraction reaction of amine based on
different situations. For instance, Nishino et al. recently
reported that at short-range, the HB conducts electrons better
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Figure 1. Electronic energy level of BP.
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than a covalent σ bond.24 Moreover, Ishikita et al. found that
the HB provides a highly efficient pathway of proton transfer.25

These works demonstrate that the HB counts for much in
electron transfer and proton transfer. Therefore, the effect of
the HB on the photochemical synthesis of silver nanoparticles
in the BP system is worth studying, and the dynamical study
will help with revealing the reaction mechanism step by step
and provide some guidance to optimize the photochemical
reactions.
In this work, we carried out experiments and theoretical

calculations to investigate the specific role of the HB on the
photochemical synthesis of Ag nanoparticles in the BP system.
Ethanol (ET) and 1,4-cyclohexadiene (CHD) are chosen as
two types of H donors; ET and BP can form a ketyl radical
complex linked by a HB after that hydrogen abstraction
reaction, while CHD and BP will yield alone the ketyl radical
because CHD has no atom of strong electronegativity like
oxygen, nitrogen, and fluorine. The transient absorbance
spectra and scan of total energy are performed to figure out
the mechanism of the hydrogen abstraction reaction.
Furthermore, in order to compare the synthesis efficiency of
silver nanoparticles and the reduction capacity of two kinds of
ketyl radicals, DFT calculations of the total energy scan,
molecular orbital (MO) energy levels, and ionization energy
(IE) have been conducted to give more information revealing
the ketyl radical reduction mechanism. Experimentally, UV/vis
absorption spectra of the Ag0 plasmon band and inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
measurements have been carried out to provide qualitative
and quantitative comparisons.

■ EXPERIMENTAL AND THEORETICAL METHODS
General. BP and CHD were purchased from Alfa Aesar;

silver nitrate (AgNO3), ET, and the solvent acetonitrile (ACN)
were obtained from Kermel. All of the chemicals were used as
received without further purification. All experiments were
conducted at room temperature (25 °C).
Laser Flash Photolysis (LFP). The transient absorbance

spectra of BP with and without H donors were recorded by
LFP. The wavelength of the nanosecond laser for excitation was
355 nm, and the laser energy was 25 mJ/pulse. The threshold
of laser energy for excitation was measured and is shown in
Figure S1. Samples (4 mL) were prepared in a quartz cell with a
10 mm optical path. A stock solution was prepared containing
BP at the concentration of 5 mM. Sample solutions of BP (5
mM) were deaerated under nitrogen bubbling flow for 20 min.
After that, H donors were immediately added into the samples
using a microsyringe of desired concentration (50 mM), which
guaranteed that the H donors were sufficient toward BP. Then,
the samples were sealed with parafilm. The lifetimes of the BP
triplets and ketyl radicals were analyzed by an exponential
fitting method, and the results are shown in Figure S2.
Silver Plasmon Band (UV/Vis) Absorbance. Ag0

plasmon band absorbance spectra were obtained using a
PerkinElmer Lambda 35 UV/vis spectrometer immediately
after irradiation. The laser settings were the same as those
mentioned above. The stock solution was prepared of BP (1
mM) and AgNO3 (1 mM) shortly before experiments. The
following steps of deoxygenization and H donor (10 mM)
injection were the same as those in LFP experiments. For the
Ag0 plasmon band absorbance spectra without BP, the stock
solution was prepared of AgNO3 (1 mM), and the laser set was
the same as that in LFP experiments.

Inductively Coupled Plasma-Optical Emission Spec-
troscopy (ICP-OES). ICP-OES measurements of Ag+ concen-
trations were performed to quantitatively characterize the
synthesis efficiency. The stock solution was prepared of BP (1
mM) and AgNO3 (1 mM). The following steps of
deoxygenization and H donor (10 mM) injection were the
same as those in LFP experiments. Because the sample
solutions after UV irradiation contained both Ag+ and Ag0,
the ICP-OES could not distinguish Ag+ and Ag0 but could
distinguish the element Ag. Therefore, we tried to separate Ag0

nanoparticles from Ag+ in solution. Eventually, we adopted
centrifugation to achieve this aim, and the validation of
centrifugation is shown in Figure S3. The sample solutions after
the desired-time UV irradiation were centrifuged for 40 min
with a revolution speed of 15000 r/min. The upper liquid was
used for ICP-OES measurements for Agafter irradiation

+ . Then, the
amount of Ag0 was deduced by

− =+ +Ag Ag Agbefore irradiation after irradiation product
0

(1)

Theoretical Method. In this work, all theoretical
calculations were accomplished using density functional theory
(DFT) and time-dependent density functional theory
(TDDFT) methods by Gaussian 09 programs.26 In all DFT
and TDDFT calculations, Becke’s three-parameter hybrid
exchange functional with Lee−Yang−Parr gradient-corrected
correlation (B3LYP) was used. A basis set of 6-311++G(d,p)
was chosen for C/H/O in the total energy scan of the radical
reaction with Ag+. The basis set in all other calculations was 6-
31+G(d,p). For Ag+, LANL2DZ was used due to it being a
proper basis set for an ionic compound. For accuracy of the
calculation in our systems, solvent correction was also
considered, and the conductor-like polarizable continuum
model (CPCM) was applied. In the calculation of the HB
energy, the final results have been corrected by BSSE.

■ RESULTS AND DISCUSSION
First, we conducted the transient absorbance measurements,
and the results are shown in Figure 2. Figure 2a displays the
spectrum of BP without H donors; absorbance signals appeared
from 500 to 610 nm, among which the strongest two peaks
were at 530 and 600 nm. As shown in Scheme 1a, with the
absence of H donors, all of these absorbance signals were
attributed to triplet−triplet absorbance of BP T1(n,π*). Our
transient absorbance spectrum of BP T1 agrees well with those
in early works.27−31

When H donors existed, both excitation of BP and the
hydrogen abstraction process occurred, resulting in the
formation of a ketyl radical (Scheme 1b and c). For the BP−
ET system, as shown in Scheme 1b, the ketyl radical product
was a hydrogen-bonded complex. The corresponding spectrum
was measured and is shown in Figure 2b. It is clear that the
range of absorbance wavelengths is smaller, and this change is
due to the quenching of BP T1 by ET, which decreases the
amount of BP T1. In addition, although ET existed in solution,
the absorbance at around 600 nm, which is the characteristic
absorption peak of BP T1,

27 still emerged, which meant that BP
T1 had not been completely quenched by ET and still could be
observed. Thus, hydrogen abstraction of BP T1 from ET is not
that effective. In contrast, in the system of BP−CHD (Figure
2c), the strong absorbance peak only arose at 545 nm, and the
absorbance peak at 600 nm completely disappeared. As for the
BP ketyl radical and cyclohexadienyl, it is widely accepted that
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their characteristic absorbance peak is at around 530−550 nm.
This indicates that BP T1 had been thoroughly quenched
within an ultrashort time. The overall transient spectra suggest
that the hydrogen abstraction of BP T1 from ET is weaker than
that from CHD.
To understand the pathway of the hydrogen abstraction

reaction and the influence of HB in BP−ET and BP−CHD
systems, a scan of the total energy along the hydrogen
abstraction pathway was obtained by the DFT/TDDFT
method. As shown in Figure 3, we scanned the total energy
at an interval of 0.1 Å and took the lowest stable energy as zero
in both systems. Figure 3a shows that when the distance
between O (ketyl) and H (−OH of ET) is greater than 2.02 Å,
the hydrogen abstraction reaction will not happen. When O
(ketyl) and H (−OH of ET) get closer, a potential barrier of
9.10 kcal/mol has to be overcome to transfer the hydrogen
atom toward BP T1. Contrastingly, in the system of BP−CHD

(Figure 3b), the hydrogen abstraction process of BP T1 from
CHD is a barrier-free reaction. It means that once O (ketyl)
and H (−CH2 of CHD) are at a distance less than 2 Å, the
hydrogen abstraction will readily and rapidly occur without any
obstruction. Moreover, the final total energy of the ketyl radical
and cyclohexadienyl radical is 31.45 kcal/mol lower than that of
BP T1 and CHD. This high-energy loss will make the products
much more stable, and the hydrogen abstraction reaction in the
BP−CHD system will be highly favorable. This theoretical
result is consistent with the transient absorbance spectra result.
In addition, as displayed in Figure 4, the HBs in BP−ET and

BP-CHD systems are different. Before the hydrogen abstraction

reaction, both systems have HBs, which are HB1 and HB5. For
the transient state in the BP−ET system, HB2 and HB3 coexist.
As for the stable structures after the hydrogen abstraction
reaction, the HB exists only in the BP−ET system, which is
HB4. The correlative information on these HBs was obtained
using the DFT/B3LYP method and is listed in Table 1. It

Figure 2. Transient absorbance (au) of BP (5 mM) with and without
H donors (50 mM) in deaerated ACN. (a) BP; (b) BP with ET; (c)
BP with CHD.

Scheme 1. (a) Excitation of BP and Hydrogen Abstraction
Reactions of BP with (b) ET and (c) CHD

Figure 3. Theoretical calculation of scanning the total energy through
the hydrogen abstraction process: (a) BP with ET; (b) BP with CHD.

Figure 4. Views of the optimized structures for BP−ET and BP−CHD
during the hydrogen abstraction (HA) reaction using B3LYP. Gray: C;
white: H; red: O; blue: HB. Note: “−” means there are no such
structures.
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shows that before the hydrogen abstraction reaction, the bond
lengths of HB1 and HB5 were 1.876 and 2.896 Å and the bond
energies of HB1 and HB5 were 18.81 and 26.56 kJ/mol,
respectively. The higher bond energy of HB5 indicates that the
attraction of O (BP) for H from CHD is stronger than that
from ET. Moreover, during the hydrogen abstraction in the
BP−ET system, HB3 inhibits the hydrogen abstraction by
offering the backward attraction force along the pathway of
hydrogen transfer. These calculation results explain the
transient absorbance spectra where hydrogen abstraction is
more favorable in the BP−CHD system. In addition, Hibbert et
al. have reported that for OHO HB systems, there will be
potential barrier for proton transfer, and the weaker the HB, the
higher the potential barrier.32 Thus, the potential barrier of the
hydrogen abstraction reaction in the BP−ET system shown in
Figure 3a will be reasonable.
The ketyl radical, the product of the hydrogen abstraction

reaction, is highly reactive and well-known to reduce metal ions
such as Ag+, Au3+, Pd+, Pt+, and Au2+ with generating metal
nanoparticles.33−40 Ag nanoparticles have attracted wide
attention because of unique and excellent performance in
catalysis and biomedicine.41 The mechanism of synthesis of Ag
nanoparticles is shown in Scheme 2.

For Ag0 synthesis efficiency, the ability of electron transfer
from radicals to Ag+ is the key factor. It is well-known that HB
always plays vital roles in the electron-transfer process;
therefore, the effect of the HB on Ag0 synthesis will be worth
studying. As mentioned above, the ketyl radicals produced in
BP−ET and BP−CHD systems are different (shown in Scheme
1). Therefore, these two kinds of radicals will well-represent the
effect of the HB on Ag0 photosynthesis.
First, we performed the DFT calculations that scanned the

total energy along the pathway of electron transfer. The results
are shown in Figure 5. The horizontal axis represents the
distance (Å) between C of ketyl and Ag+, and the vertical axis is
the total energy (kcal/mol). In the ketyl radical complex system
(Figure 5a), the electron transfer occurs at a distance of 2.8 Å,
and an energy of 3.77 kcal/mol is needed. In contrast, in the
ketyl radical system (Figure 5b), this distance is 2.7 Å, which
means that the ketyl radical and Ag+ have to be 0.1 Å closer for
electron transfer occur. Moreover, a higher energy of 4.58 kcal/
mol is required in this reaction. As a result, the DFT
calculations indicate that the electron-transfer reaction between
the radical and Ag+ will be more favorable in the ketyl radical
complex system than that in the ketyl radical system.

In order to compare the efficiency of Ag nanoparticle
synthesis between BP−ET and BP−CHD systems, UV/vis
absorbance spectra of the Ag0 plasmon band experiment have
been obtained, and the results are shown in Figure 6. It is well
accepted that the Ag0 plasmon band absorbance wavelength
ranges from 350 to 600 nm, which depends on the size of
nanoparticles.42−46 Generally, the absorbance wavelength of
Ag0 nanoparticles in a size range of 10−100 nm is 400−420
nm. As shown in Figure 6, it is clear that the absorbance peak
appears at 400 nm, and the intensity increases as the irradiation
time gets longer. For irradiation times of 90 and 300 s, the
maximum absorbance values of Ag0 in the BP−ET system are
0.1241 and 0.219, respectively. In contrast, in the BP−CHD
system, the maximum absorbance values at 400 nm for 90 and
300 s are 0.101 and 0.1128, respectively. It suggests that the
amount of Ag0 in the BP−ET system is more than that in the
BP−CHD system after the same irradiation time. This result
indicates that the ketyl radical complex would be a more
efficient reductant than the ketyl radical. Considering that the
absorbance wavelength involves the Ag0 nanoparticle size, the
absorbance peak at a wavelength of 400 nm stands only for the
Ag0 nanoparticles of 10−100 nm in size. Actually, the reduction
efficiency should be characterized by the total Ag0. Therefore,
the UV/vis absorbance spectra provide merely a qualitative
comparison of reduction efficiency.
For accurate and quantitative comparison, ICP-OES

measurement was conducted, and the result is shown in Figure
7. In the ICP-OES experiment, the irradiation time was set to

Table 1. HB Length, Dihedral Angle, and Energy in BP−ET
and BP−CHD Systems during the Hydrogen Abstraction
Reaction

bond length
(Å)

bond (dihedral) angle
(deg)

bond energy
(kJ/mol)

HB1 1.876 174.28 18.81
HB2 1.212 165.84 55.45
HB3 1.149 165.84 61.52
HB4 1.840 167.74 11.30
HB5 2.896 169.00 26.56

Scheme 2. Reduction of Silver Ions by the Ketyl Radical

Figure 5. Theoretical calculation of scanning the total energy through
the reaction pathway of electron transfer from radicals to Ag+, at the
level of DFT/B3LYP/6-311++G(d,p) for C/H/O; LANL2DZ for Ag.
The radicals in two different systems are (a) the ketyl radical complex
in the BP−ET system and (b) the ketyl radical in the BP−CHD
system. The insets show configurations of the radical and Ag+ before
and after reaction. Gray: C; white: H; r: O; blue: Ag.
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20 s. This short time of irradiation is to make sure that the Ag+

will be adequate after 20 s and prevent the inaccuracy that is
caused by Ag+ exhaustion. It shows that for the BP−ET system,
0.606 μmol of Ag0 has been formed. As for the BP−CHD
system, the amount of Ag0 formed is 0.243 μmol. It is clear that
the efficiency of synthesis of Ag nanoparticles in the BP−ET
system is 2.49 times as much as that in the BP−CHD system.
This difference of reduction reaction efficiency demonstrates
that the ketyl radical complex has stronger reducibility than the
ketyl radical for Ag nanoparticle synthesis.
In order to ensure that the Ag+ consumption in the ICP-OES

experiment is ascribed to ketyl radicals rather than the direct
reduction of Ag+ by ET and CHD, we carried out the UV/vis
absorption spectra experiment of ET and CHD systems
without BP to test the reducibility of ET and CHD under
the conditions in this work. The results are shown in Figure 8.
From the absorbance curves at 0 s in both ET and CHD
systems, we can find no absorption at 355 nm, which means
that no species in either system can be excited at 355 nm. As
the irradiation time increases to 60 s, there is no absorbance
signal of the Ag0 plasmon band at around 400 nm. This shows

that no Ag0 nanoparticle is produced in either system within 60
s. Considering that the reducibility of ET and CHD may be
relatively weak in this condition and the Ag0 plasmon band
absorption would be “invisible” under irradiation of 60 s, we
conducted a much longer irradiation time of 300 s. As shown in
Figure 8, there is still no absorbance signal of the Ag0 plasmon
band at around 400 nm. This result demonstrates that ET and
CHD cannot reduce Ag+ to Ag0 under 355 nm irradiation, and
the Ag+ consumption in the ICP-OES experiment comes from
ketyl radicals.
To better understand the reason for the higher reducibility of

the ketyl radical complex than the ketyl radical, we carried out
the frontier MO calculations. Synthesis of Ag0 from Ag+ means
an electron of another molecule fills the LUMO of Ag+. Thus,
when the energy level of the electron-donating MO is close to
the LUMO of Ag+, a reduction reaction will occur easily. For
the ketyl radical, with the presence of a single electron, the
electron-donating MO is the SOMO. The reduction reaction
between the ketyl radical and Ag+ is a SOMO−LUMO
interaction. As displayed in Figure 9, the LUMO of Ag+ is
−2.89 eV, while the SOMOs of the ketyl radical complex and
ketyl radical are −4.37 and −4.50 eV, respectively. It is obvious
that the SOMO of the ketyl radical complex is closer to the
LUMO of Ag+. This smaller SOMO−LUMO energy gap is

Figure 6. Ag0 plasmon band UV/vis absorbance spectra for irradiation
times of 0−300 s. (a) BP (1 mM), ET (10 mM), and AgNO3 (1 mM);
(b) BP (1 mM), CHD (10 mM), and AgNO3 (1 mM).

Figure 7. Yield of Ag0 for an irradiation time of 20 s in the ketyl radical
complex (BP−ET) system and the ketyl radical (BP−CHD) system.

Figure 8. UV/vis absorbance spectra for different irradiation times in
ET and CHD systems without BP: (a) ET (10 mM) and AgNO3 (1
mM); (b) CHD (10 mM) and AgNO3 (1 mM).

Figure 9. Calculated frontier MO HOMO and LUMO for Ag+ and the
SOMO for the ketyl radical complex and ketyl radical.
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more beneficial for an electron to transfer from the SOMO to
LUMO.47 As a result, the higher SOMO makes ketyl radical
complex exhibit stronger reducibility than ketyl radical.
Furthermore, IE calculation has also been conducted to

investigate the capacity of donating an electron. The IE of a
radical is the energy that is required to remove an electron from
the neutral radical to form a stable radical cation (eq 2).

= −+E EIE (opt) (opt)0
(2)

Our calculation yielded an IE for the ketyl radical complex of
4.057 eV, while for the ketyl radical, it was 4.242 eV. The
relatively smaller IE of the ketyl radical complex demonstrates
that it is easier for the ketyl radical complex to lose an electron
than the ketyl radical. The IE calculation result confirms that
the hydrogen-bonded keytl radical complex is a better reductant
than the keytl radical for Ag synthesis.

■ CONCLUSION
In summary, the intermolecular HB plays beneficial roles for
the photochemical synthesis of Ag nanoparticles in the BP
system. For the hydrogen abstraction reaction of BP and H
donors, the intermolecular HB can accelerate the hydrogen
transfer, and the efficiency of the hydrogen abstraction reaction
is directly proportional to the HB strength. As for the following
process of the reduction reaction, the hydrogen-bonded ketyl
radical complex exhibits much higher reducibility than the ketyl
radical for a higher yield of Ag nanoparticles. The higher
SOMO energy level of the ketyl radical complex facilitates the
SOMO−LUMO interaction.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.5b09949.

Laser energy threshold value measurement for the
transient absorbance spectra, lifetimes of ketyl radicals,
and centrifugation performance (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: klhan@dicp.ac.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the Natural Science Foundation of
China (NSFC; Grant Nos. 21403226 and 21273234).

■ REFERENCES
(1) Lancaster, J. R.; Smilowitz, R.; Turro, N. J.; Koberstein, J. T.
Photochem. Photobiol. 2014, 90 (2), 394−401.
(2) Han, K.-L.; Zhao, G.-J. Hydrogen Bonding and Transfer in the
Excited State; John Wiley & Sons: New York, 2011.
(3) Zhao, G.-J.; Liu, J.-Y.; Zhou, L.-C.; Han, K.-L. J. Phys. Chem. B
2007, 111, 8940−8945.
(4) Salamone, M.; Milan, M.; Dilabio, G. A.; Bietti, M. J. Org. Chem.
2013, 78, 5909−5917.
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