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ABSTRACT: Photochemical redox reactions of Cu(II) complexes of eight amino acid
ligands (L) with nonpolar side chains have been systematically investigated in deaerated
aqueous solutions. Under irradiation at 313 nm, the intramolecular carboxylate-to-Cu(II)
charge transfer within Cu(II)−amino acid complexes leads to Cu(I) formation and the
concomitant decomposition of amino acids. All amino acid systems studied here can
produce ammonia and aldehydes except proline. For the 1:1 Cu(II) complex species
(CuL), the Cu(I) quantum yields at 313 nm (ΦCu(I),CuL) vary by fivefold and in the
sequence (0.10 M ionic strength at 25 °C) alanine (0.094) > valine (0.059), leucine
(0.059), isoleucine (0.056), phenylalanine (0.057) > glycine (0.052) > methionine
(0.032) > proline (0.019). This trend can be rationalized by considering the stability of
the carbon-centered radicals and the efficient depopulation of the photoexcited state,
both of which are dependent on the side-chain structure. For the 1:2 Cu(II) complex
species (CuL2), the Cu(I) quantum yields exhibit a similar trend and are always less than
those for CuL. The photoformation rates of ammonia, Cu(I), and aldehydes are in the ratio of 1:2.0 ± 0.2:0.7 ± 0.2, which supports
the proposed mechanism. This study suggests that the direct phototransformation of Cu(II)−amino acid complexes may contribute
to the bioavailable nitrogen for aquatic microorganisms and cause biological damage on cell surfaces in sunlit waters.

1. INTRODUCTION

The photochemical reactions of copper complexes with diverse
organic ligands have received considerable attention in
environmental, biological, and industrial processes.1−5 The
dissolved copper in natural waters is thought to form
complexes with dissolved organic matter (DOM), mainly
including amino, phenolic, alcoholic, ketonic, and carboxylic
groups.6−11 Plenty of photochemical redox reactions of copper
complexes can occur in sunlit waters. Several investigations
have shown that the sunlight-initiated photoredox reactions of
DOM-bound Cu(II) species may have dramatic impacts on the
speciation and biogeochemical cycling of copper, which can
conversely alter the toxicity, bioavailability, and transport of
copper in sunlit waters.12−15

The photochemical release of ammonium from dissolved
organic matter (DOM) is an important source of bioavailable
nitrogen in N-limited aquatic ecosystems and the relative
abundance of individual amino acids in the DOM pool has
been shown to have a strong correlation with the degradation
stage and the bioavailability of DOM.16−21 Amino acids are
exuded by phytoplankton in the ocean, but the chemical
structure of the dissolved combined amino acids remains
poorly understood.22 Several studies state that glycine is most
frequently identified as the most abundant amino acid in
diverse environmental scenarios.23,24 Phytochelatins, metal
chelators produced by marine diatoms upon exposure to

metals, are small polypeptides containing the amino acid
glutamate, cysteine, and glycine.25,26 Algae play a significant
role in the uptake and regulation of copper in natural waters by
their surfaces (i.e., membranes and cell walls) for copper
binding. In diatoms, these walls comprise a silica frustule
encased in an organic coating, which is enriched in the amino
acid glycine, serine, and threonine.27 Dissolved free and
combined amino acids are ubiquitous in natural waters, and
the photochemical degradation of amino acids through either
direct or indirect photolysis has been assessed in sunlit
waters.28−30 Under solar irradiation, only tyrosine and
tryptophan were subject to direct photodegradation. The
addition of DOM, an important photosensitizer, can greatly
enhance the indirect photodegradation of histidine, methio-
nine, tyrosine, and tryptophan. Although the four amino acids
are susceptible to photochemical degradation, the remaining
common amino acids seem to be photostable in natural waters.
This implies that the amino acid structure plays an important
role in photoreactivity.
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The kinetics of the photolysis of Cu(II)−amino acid
complexes have been very intensively investigated during the
last four decades.1,31−35 The ligand-to-metal charge transfer
(LMCT) irradiations of Cu(II) complexes with glycine and
alanine lead to Cu(I) formation and induce decarboxylation of
the ligand to produce CO2, NH3, and HCHO and CH3CHO,
respectively.34 Previous studies were generally conducted to
measure the average photoproduct yields or the quantum
yields for CuL2, where CuL2 existed dominantly in the
conditions. Very few quantum yields for individual Cu(II)−
amino acid complex species have been conducted. Therefore, a
systematic assessment of the effect of amino acid ligand
structure on individual quantum yields is important to evaluate
the photochemical behavior of Cu(II)−amino acid complexes
in natural waters. To precisely determine the Cu(I) quantum
yield, the experiments should be performed in the absence of
oxygen. In this study, we extend our previous work to include
Cu(II) complexes of amino acids with a series of nonpolar side
chains involving methionine (Met), glycine (Gly), alanine
(Ala), valine (Val), leucine (Leu), isoleucine (Ile), phenyl-
alanine (Phe), and proline (Pro) in deaerated aqueous
solution.36 The quantum yields of photoproducts for individual
Cu(II)−amino acid complex species would be characterized
and the effects of side-chain structure and of the Cu(II)−
amino acid complex stoichiometry on their quantum yields
clarified. The results obtained in this study are considered to
be valuable for the understanding of the LMCT mechanisms of
Cu(II)−amino acid complexes on cell surfaces for biological

damage, Cu(II)−bacteria complexes for water disinfection, and
Cu(II)−DOM complexes for the inhibition of triplet sensitized
phototransformation.37−40

2. RESULTS AND DISCUSSION

2.1. Characterization of Cu(II) Complexes. Table 1
summarizes Cu(II) complexes with different amino acids and
their corresponding pKa values and equilibrium formation
constants. Nonpolar side-chain amino acids show strong
complexation ability with Cu(II) through the amino nitrogen
and carboxylato oxygen atoms and are capable of establishing
planar mono- and bis-complexes (CuL and CuL2), which are
the major species throughout the experimental ranges studied
here. The Cu(II) speciation can be calculated from equilibrium
computations with reliable equilibrium formation con-
stants.41,42

From equilibrium speciation calculations for the molar
absorbance and photochemical experiments of each Cu(II)−
amino acid solution, the Cu(II) complex species CuL and
CuL2 constituted at least 86% for all but two experiments for
leucine and proline. In most experimental conditions, inorganic
Cu(II) species were kept at a minor fraction smaller than 10%
of the total Cu(II) concentration.
The total rate of the Cu(I) photoformation for a Cu(II)−

amino acid complex is dependent on two important factors: its
molar absorptivity and quantum yield at 313 nm. Molar
absorptivities for individual species at a given wavelength can
be expressed as

Table 1. Equilibrium Formation Constants, Components, and Their Stoichiometric Coefficients for the Calculated Cu(II)
Complex Speciesa

components equilib. constant

speciesb Cu2+ H+ Gly− Ala− Val− Leu− Ile− Pro− Phe− Met− log10(β) notes

Cu(Gly)+ 1 1 8.19
Cu(Gly)2

0 1 2 15.10
Cu(Ala)+ 1 1 8.11
Cu(Ala)2

0 1 2 14.90
Cu(Val)+ 1 1 8.10
Cu(Val)2

0 1 2 14.97
Cu(HVal)2+ 1 1 1 10.50 0.15, 37°
Cu(Val)(HVal)+ 1 1 2 18.74 0.15, 37°
Cu(Leu)+ 1 1 8.14
Cu(Leu)2

0 1 2 15.00
Cu(HLeu)2+ 1 1 1 11.66 0.15, 37°
Cu(Leu)(HLeu)+ 1 1 2 19.60 0.15, 37°
Cu(Ile)+ 1 1 8.14
Cu(Ile)2

0 1 2 15.02
Cu(OH)(Ile)0 1 −1 1 0.66 0.15, 37°
Cu(Pro)+ 1 1 8.84
Cu(Pro)2

0 1 2 16.36
Cu(HPro)2+ 1 1 1 11.41 0.15, 37°
Cu(Pro)(HPro)+ 1 1 2 20.45 0.15, 37°
Cu(Phe)+ 1 1 7.77
Cu(Phe)2

0 1 2 14.65
Cu(Met)+ 1 1 7.86
Cu(Met)2

0 1 2 14.51
aAll equilibrium formation constants (β) are for 1.0 atm, 25 °C, and ionic strength I = 0.10 M (except where noted otherwise). Equilibrium
formation constants for all inorganic Cu(II) species are taken into consideration and details of the definition of symbols are described elsewhere.36

The pKa values of the species used here are Gly (2.33, 9.57), Ala (2.33, 9.71), Val (2.26, 9.50), Leu (2.32, 9.56), Ile (2.27, 9.59), Pro (1.90, 10.47),
Phe (2.18, 9.09), Met (2.16, 9.08), H3PO4 (1.92, 6.71, 11.65), and H2CO3* (6.13, 9.88), where H2CO3* ≡ H2CO3(aq) + CO2(aq) (25 °C, I =
0.10 M, and 1.0 atm). Log10(Kw) = −13.78 for Kw = [H+][OH−] (25 °C, I = 0.10 M, and 1.0 atm). bHVal0, HLeu0, and HPro0 stand for the
monoprotonated forms of amino acids.
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f( )
i

i iCu(II) ∑ε ε=
(1)

where εCu(II) is the experimental Cu(II)-based molar
absorptivity (M−1 cm−1), εi is the molar absorptivity of
individual Cu(II) complexes, εin is an average value for all
inorganic Cu(II) species, f i is the fraction of the total copper
present as the ith Cu(II) complex species (e.g., f CuL and f CuL2

),
and f in is the fraction of all forms of inorganic Cu(II) species.43

As an example, Figure 1 shows the typical UV−vis absorption

spectra of Cu(II)/Met systems. Absorbance in the UV region
below 400 nm is attributed to LMCT, which can initiate the
photochemical redox reactions of Cu(II)/Met complexes.
For the absorbance measurements of Cu(II)/Met systems at

313 nm, 21 data points were measured over a wide range of
solution conditions (details in the Supporting Information).
Figure 2 shows the correlation between the experimental
quantity and the calculated fraction of Cu(II) speciation
( f CuL). The best-fit values for the molar absorptivities of CuL
and CuL2 (εCuL and εCuL2

) were determined from a

multivariate linear regression of eq 1. In this case, the best-fit
curve shown here is not a straight line as it would be if fin was
negligible. The fitting result indicates that the molar
absorptivity for CuL2 (211 M−1 cm−1) is higher than that for
CuL (108 M−1 cm−1) in Cu(II)/Met systems. Table 2
summarizes the molar absorptivities of individual complex
species for each Cu(II)−amino acid system at 313 nm. Those
that exist at an isosbestic point around 300 nm including Gly,
Ala, Val, Leu, and Ile have higher molar absorptivities (at 313
nm) for CuL than that for CuL2. As listed in Table 2, the molar
absorptivity increases with the increasing side-chain alkyl
groups. The hyperchromic effect could be ascribed to the
formation of a strong covalent-bonding interaction between
amino acid and Cu(II), which is related to the electron density
donating tendencies of the ligand. It is also noteworthy that
Met and Pro have relatively greater molar absorptivities at 313
nm. From a comparison of the spectra in the UV region with
those of other amino acids, Cu(II)/Met complexes exhibited a
broader band below 400 nm, shown in Figure 1, and the
enhancement of the absorption intensity could be attributed to
the thioether group of Met. The strong Cu−S interaction has
been well-established in blue copper proteins.44,45 Unlike the
primary amino acids, Pro has a secondary amine in the strained
pyrrolidine ring, which results in a stronger Cu−N bond and
stability constant enhancement as listed in Table 1. Therefore,
Cu(II)/Pro has the highest molar absorptivity among amino
acids in Table 2.

2.2. Photochemical Behavior of Cu(II) Complexes.
The kinetic behavior of the Cu(I) photoformation from the
Cu(II) complexes has been well-established. If the total
absorbance is lower than 0.042 and the transformation of
Cu(II) to Cu(I) is less than 10% of the total Cu(II)
concentration, the total initial rate of the Cu(I) photo-
formation can be determined as

R I D

j

ln(10) Cu(II)

Cu(II)

Cu(I)
0

0 Cu(I) Cu(II) T

Cu(I) T

ε= [ ] Φ [ ]

= [ ] (2)

where I0 is the volume-averaged incident actinic flux (einstein
L−1 s−1) determined by 2-NB chemical actinometry, D is the
optical path length (cm), jCu(I) is the apparent first-order rate
constant for the Cu(I) photoformation (s−1), and ΦCu(I) is the
experimental Cu(I) quantum yield (mole einstein−1).43 Figure
3 shows a series of kinetic plots of the Cu(I) photoformation
for seven Cu(II)−amino acid systems. The slope of this plot
obeys the first-order rate and reveals a good linear relationship
calculated from eq 2. The linear regression r2 values for the
first-order kinetic plots of this type were ≥0.98 for all Cu(II)−
amino acid systems (92 experiments) but five experiments did
not qualify.
Since the sum of the initial rates of the Cu(I) photo-

formation for individual Cu(II) complex species gives the total
Cu(I) photoformation rate in the Cu(II)−amino acid system,
the Cu(I) quantum yields for individual Cu(II) complex
species can be expressed as

f( )
i

i i iCu(I) Cu(II) Cu(I),∑ε εΦ = Φ
(3)

where the quantity ΦCu(I)εCu(II) is an experimental value from
eq 2 and the individual Cu(I) quantum yields (mole
einstein−1) includes ΦCu(I),CuL for CuL, ΦCu(I),CuL2

for CuL2,
and ΦCu(I),in for the average of all inorganic Cu(II) species.43

Figure 1. UV−vis spectra of Cu(II)/Met complexes recorded as a
function of pH (optical path length 5.00 cm, [Cu(II)]T = 200 μM,
[Met]T = 2.0 mM, 100 μM phosphate buffer, and 0.1 M NaCl).

Figure 2. Experimental molar absorptivities of Cu(II)/Met complexes
at 313 nm as a function of the calculated equilibrium fraction of
Cu(II) speciation ( f CuL) over a wide range of solution conditions.
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The initial photoformation rates of ammonia and aldehydes
under previous conditions show similar expression forms as in
eq 3. As an example, Figure 4 displays the relationship between

the photochemical parameters (ΦCu(I)εCu(II)) and the calcu-
lated fraction of Cu(II) speciation ( f CuL) for Cu(II)/Met
systems. The best-fit values were determined from a multi-
variate linear regression of eq 3. These results demonstrate that
the rate of the Cu(I) photoformation is mainly governed by
the Cu(II) speciation (see the Supporting Information for the
remaining amino acid systems). The Cu(I) quantum yields of
individual complexes for each Cu(II)−amino acid system
studied here are independent of the solution composition, as
presented in Table 2. The observed reactivity of the Cu(I)
quantum yields varies by fivefold for CuL and by sixfold for
CuL2. It is noteworthy that the Cu(I) quantum yields for
Cu(II)−amino acid complexes are lower than those for
Cu(II)−dicarboxylate complexes due to the efficient depopu-
lation of the photoexcited state by the strong Cu−N bond.46,47

2.3. Effect of Amino Acid Side-Chain Structure on the
Quantum Yield. Because Cu(II) complexes of amino acids
with different nonpolar side chains have a similar coordination
structure involving stable five-membered chelates through the
α-amine and carboxylate moieties, a proposed mechanism for
the photochemical redox reaction of Cu(II)−amino acid
complexes could be illustrated in Figure 5. Briefly, this
mechanism involves an efficient LMCT process by decarbox-
ylation, photoformation of Cu(I) and carbon-centered radicals,
and subsequent reaction of the carbon-centered radicals to
form Cu(I), NH3, and aldehydes. When the steady-state
approximation is applied to the intermediates [Cu(I)-
NH2ĊHR] and [NH2ĊHR], the decarboxylation rate of the
direct photochemical process is equal to the oxidation rate of
carbon-centered radicals with Cu(II) complexes. Based on this
assumption, the irradiations of Cu(II)/Gly and Ala complexes
induce decarboxylation of the ligands to carbon dioxide,
ammonia, and aldehydes in the ratio of 2:1:1 in the previous
final product analysis.34,36 As listed in Table 3, the results are
similar to those in the Cu(II)/Val, Leu, Ile, Phe, and Met
systems giving the formation rates of Cu(I), NH3, and
aldehydes in the ratio of 2.0 ± 0.2:1:0.7 ± 0.2. Neither
ammonia nor aldehyde was detected in the Cu(II)/Pro system
probably due to the formation of secondary amines.
In Figure 5, the trans form of the 1:2 complex (CuL2) is

depicted according to the study that about 60% of the
complexes were present as the trans isomer in aqueous
solutions with 0.10 M KNO3 as the background.48 The
previous study indicates that a cis−trans isomer equilibrium
occurs rapidly in aqueous solutions and the cis−trans ratio is
little affected by the nature of the side chain. It is worth noting
that the addition of a salt background has an influence on the

Table 2. Summary of Molar Absorptivities (M−1 cm−1) and Cu(I) Quantum Yields (mole einstein−1) for the Individual Cu(II)
Complex Species at 313 nma

ligand εCuL εCuL2
εCuL/εCuL2

ΦCu(I),CuL ΦCu(I),CuL2
ΦCu(I),CuL/ΦCu(I),CuL2 (εCuL)(ΦCu(I),CuL) (εCuL2

)(ΦCu(I),CuL2
)

Gly 30 ± 2 20 ± 1 1.5 0.052 ± 0.014 0.033 ± 0.013 1.6 1.56 ± 0.40 0.65 ± 0.25
Alab 40 ± 4 29 ± 2 1.4 0.094 ± 0.014 0.064 ± 0.012 1.5 3.74 ± 0.43 1.87 ± 0.32
Val 66 ± 1 58 ± 1 1.1 0.059 ± 0.012 0.039 ± 0.008 1.5 3.88 ± 0.76 2.24 ± 0.49
Leu 62 ± 4 51 ± 3 1.2 0.059 ± 0.017 0.043 ± 0.018 1.4 3.66 ± 1.05 2.18 ± 0.91
Ile 71 ± 4 64 ± 2 1.1 0.056 ± 0.006 0.046 ± 0.005 1.2 4.00 ± 0.39 2.97 ± 0.30
Phe 74 ± 2 85 ± 1 0.9 0.057 ± 0.016 0.046 ± 0.007 1.2 4.19 ± 1.17 3.90 ± 0.63
Met 108 ± 7 211 ± 4 0.5 0.032 ± 0.008 0.016 ± 0.003 2.0 3.46 ± 0.84 3.45 ± 0.56
Pro 145 ± 5 250 ± 3 0.6 0.019 ± 0.005 0.011 ± 0.002 1.7 2.81 ± 0.67 2.78 ± 0.52

aBest value ± 1 SD for 0.10 M ionic strength (NaCl) at 25 °C. The wide range of solution conditions is provided in the Supporting Information.
bReference 36.

Figure 3. Correlation of Cu(I) photoformation at 313 nm with
illumination time. Cu(II)−amino acid systems with [Cu(II)]T = 50
μM, [amino acid]T = 2.0 mM, and pH = 6.00 (100 μM phosphate
buffer and 0.1 M NaCl).

Figure 4. Measured photochemical parameters of Cu(II)/Met
complexes as a function of the calculated fraction of Cu(II) speciation
( f CuL) over a wide range of solution conditions. The dashed red lines
indicate the 95% confidence interval.
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cis−trans isomer equilibrium in favor of the formation of the
cis isomer.49

As can be seen in Table 2, the Cu(I) quantum yields vary in
the order Ala > Val, Leu, Ile, Phe > Gly > Met > Pro. The rate
of decarboxylation is strongly dependent upon the stability of
the carbon-centered radicals, which is expected to alter the
overall quantum yield of the photoproducts. The textbook-
level view of radical stability follows the order tertiary >
secondary > primary > methyl, which results from the
modestly stabilizing hyperconjugation with an adjacent alkyl
group.50 The aminomethyl radical •CH2NH2, derived from
decarboxylation of the glycine radical, is expected to be
relatively less stable due to its lower ordinality. However, it is
quite challenging to predict the stability of the same primary
radicals that are derived from decarboxylation of alanine,
valine, leucine, isoleucine, and phenylalanine.
The thermodynamic stability of carbon-centered radicals has

various types of definitions, and one of the most used
definitions is based on isodesmic hydrogen-transfer reactions
where the reaction enthalpy of this process is often expressed
as the radical stabilization energy (RSE).51 The RSE values are
commonly negative for radicals, which are relatively more

stable than the methyl radical •CH3. Thus, as a reference
system, the RSE of the methyl radical •CH3 is 0 kJ mol−1. All
RSE values used in this article are provided by Hioe and Zipse,
who used the G3(MP2)-RAD method. This method has been
successfully applied to estimate the stability of the radical
species.51−53 The RSE values for the ethyl radical •CH2CH3, n-
p r o p y l r a d i c a l •CH2CH2CH3 , n - b u t y l r a d i c a l
•CH2CH2CH2CH3, 2-methylprop-1-yl radical •CH2CH-
(CH3)2, and 2-phenyleth-1-yl radical •CH2CH2C6H5 are
−13.5, −12.2, −12.2, −10.6, and −10.4 kJ mol−1 relative to
the methyl radical •CH3, respectively. Increasing the size of the
attached alkyl group may result in a small but notable
reduction in radical stability. This trend implies that the
hyperconjugative effect through the interaction of the unpaired
spin with adjacent bonds is stronger than the inductive
electron withdrawal effect of the alkyl groups. Noticeably, the
remote π-orbitals of the aromatic ring do not lead to more
efficient stabilization. On the other hand, the stability of alkyl
radicals could be greatly enhanced through a lone-pair
donation. Amino-substituted radicals appear to be quite
important in enhancing the stability of aminomethyl radical
•CH2NH2 (RSE = −44.9 kJ mol−1) and 1-aminoethyl radical

Figure 5. Proposed mechanism for the photochemical redox reaction of Cu(II)−amino acid complexes. The amino acids studied differ in the side-
chain R.

Table 3. Summary of the Ratio of the Total Initial Photoformation Rates of Cu(I) to Ammonia and Aldehydes for Cu(II)−
Amino Acid Complexes at 313 nma

Gly Alab Val Leu Ile Phe Met Pro

RCu(I)
0/RNH3

0 1.70 1.74 2.15 2.18 2.07 1.90 2.09 NDc

RCu(I)
0/RRCHO

0 1.62 2.58 2.56 3.17 3.02 2.43 1.89 ND
aThe wide range of solution conditions is provided in Table S1. bReference 36. cND: not detected.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04277
ACS Omega 2021, 6, 28194−28202

28198

https://pubs.acs.org/doi/10.1021/acsomega.1c04277?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04277?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04277?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04277?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04277/suppl_file/ao1c04277_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


•CHNH2CH3 (RSE = −49.9 kJ mol−1), both of which are
much more stable than the methyl radical •CH3 and the ethyl
radical •CH2CH3, respectively. The experimentally measured
RSE value for •CHNH2CH3 is −62.3 kJ mol−1, which leads to
much larger stabilization energy and further confirms that the
carbon-centered radical derived from the decarboxylation of
alanine is the most stable one among the eight amino acids.54

Although the interplay of the amino group attached to the
radical center results in much more stable carbon-centered
radicals, the stability of amino-substituted radicals follows the
same trend as the radicals listed above. Therefore, the stability
of the carbon-centered radicals follows the trend •CH(NH2)-
CH3 >

•CH(NH2)CH(CH3)2 ∼ •CH(NH2)CH2CH(CH3)2 ∼
•CH(NH2)CH(CH3)C2H5 ∼ •CH(NH2)CH2C6H5 >
•CH2NH2, which are derived from decarboxylation of the
Ala, Val, Leu, Ile, Phe, and Gly radicals, respectively. Figure 6

shows the correlation between RSE and quantum yield. The
orders in Cu(I) quantum yields of Cu(II)−amino acid
complexes are amazingly the same as the trend of the stability
of the carbon-centered radicals.
Cu(II)−amino acid complexes involve a common five-

membered chelate ring by N,O-chelation as shown in Figure 5,
but Met and Pro systems have a little bit different binding
properties with Cu(II), which result in a dramatic change of
the Cu(I) quantum yields. The thioether group of Met could
interact with Cu(II) to form an additional Cu−S bond,
although the interaction is weak and does not contribute
importantly to the complex stability. The strain of the
secondary N-donor of Pro could interact with Cu(II) to
form a much stronger Cu−N bond, and this interaction does
enhance the stability constant as listed in Table 1. Both Cu−S
and stronger Cu−N bonds could provide an efficient pathway
for the nonradiative electronic relaxation of the LMCT state.
Therefore, in addition to the stability of the carbon-centered
radicals, the efficient depopulation of the photoexcited state is
also a significant factor affecting the Cu(I) quantum yields for
Met and Pro systems.
2.4. Photoreaction Rate Constants in Sunlight. The

photoreaction rate constants for the photoformation of Cu(I)
from Cu(II)−amino acid complexes in sunlight (solar zenith
angle = 30°) are shown in Table 4 and the half-lives vary by a
factor of 9 between 10 and 93 h. The photoreactivity of

Cu(II)−amino acid complexes in sunlight is dependent upon
both their quantum yields and molar absorptivities. Therefore,
although the Cu(II)/Ala complex reacts with the highest
quantum yield among the systems studied, the shortest half-life
is calculated for the Cu(II)/Met complex due to its greater
molar absorptivity. It implies that the direct phototransforma-
tion of Cu(II)/Met complexes needs to be considered in sunlit
waters. Yet, a general inverse relationship between abundances
of amino acids and thermodynamic free energies for the
synthesis of each amino acid has been proposed.55 The longest
half-life for the Cu(II)/Gly complex might be reflective of its
most abundance in aquatic environments. Furthermore, most
CuL complexes have higher photoactivities than CuL2
complexes, which could be ascribed to the Cu(II)-stabilizing
effect of the second ligand, shown in Table 2. Generally, CuL is
a predominant species in natural waters where copper is
typically found in nanomolar concentrations. This implies that
the photoreactivity of Cu(II)−amino acid complexes is
underestimated if the evaluation is based on previous studies
where CuL2 is the major species. In the presence of oxygen, the
photoreduced Cu(I) can easily react with oxygen to reform
Cu(II).56 Nevertheless, the photoformation of Cu(I) observed
in deaerated solution is still related to the photodegradation of
amino acids in the solution containing oxygen. The photo-
formation rate constants of NH3 and aldehydes in air-saturated
solutions could be approximately estimated from Table 4, with
related values divided by 2. Because Cu(II) can become an
effective catalyst for the degradation of amino acids in the
presence of oxygen, the calculated photoformation rate
constants of NH3 and aldehydes would be lower bounds in
sunlit waters.
The degradation of amino acids may significantly influence

the cycling of carbon and nitrogen in the upper column water.
In the presence of oxygen, the photoreduced Cu(I) can easily
react with oxygen to reform Cu(II); thus, the photocatalytic
redox cycle of copper can enhance the degradation of amino
acids. Our preliminary data show that the photoformation rates
of ammonia and aldehydes from Cu(II)−amino acid
complexes in an air-saturated solution increase slightly by
10−20% compared with those in deaerated solution. Although
it is not known how the photoreactivity of amino acids with
different side chains is affected if they are part of a larger
macromolecule (e.g., algal component, cell membrane, or
DOM), our results provide a useful starting point for studies in
more complex systems.
In the presence of trace amounts of copper, the strong

Cu(II)−DOM complexes can undergo redox transformations
to form Cu(I) species and may cause the inhibition of the
triplet excited state of DOM.37−39 The indirect DOM-
photosensitized degradation of dissolved free amino acids

Figure 6. Correlation between the individual Cu(I) quantum yield
and RSE of relative ligands.

Table 4. Summary of Photoreaction Rate Constants in
Sunlight

ligand jCuL→Cu(I), sec
−1 half-life (h) jCuL2→Cu(I), sec

−1 half-life (h)

Gly 4.45 × 10−6 43 2.06 × 10−6 93
Ala 1.17 × 10−5 16 5.35 × 10−6 36
Val 1.06 × 10−5 18 8.41 × 10−6 23
Leu 1.43 × 10−5 13 6.84 × 10−6 28
Ile 1.09 × 10−5 18 8.18 × 10−6 24
Phe 1.33 × 10−5 14 1.18 × 10−5 16
Met 1.73 × 10−5 11 1.93 × 10−5 10
Pro 9.46 × 10−6 20 7.61 × 10−6 25
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may greatly reduce; on the other hand, the direct photo-
transformation of Cu(II)−amino acid complexes needs to be
considered and may contribute to the bioavailable nitrogen for
aquatic microorganisms and cause biological damage on cell
surfaces in sunlit waters. Overall, this study provides further
insight into the effect of side-chain structure on the direct
phototransformation of Cu(II)−amino acid complexes and
improves our assessment of the oxidative destruction of the
copper-binding sites on DOM, cell, or algal surfaces in sunlit
waters.

3. CONCLUSIONS

Our study reveals that the side-chain structure and the Cu(II)
complex stoichiometry play an important role in the photolysis
of Cu(II)−amino acid complexes. In deaerated solution, the
Cu(I) quantum yields follow the trend of Ala > Val, Leu, Ile,
and Phe > Gly > Met > Pro, which can be rationalized by
considering the stability of the carbon-centered radicals and
the efficient depopulation of the photoexcited state. The
relative order of producing Cu(I) in deaerated solution
parallels the one producing ammonia and aldehydes in
deaerated or air-saturated solution. Therefore, the photo-
formation of Cu(I) in deaerated solution is a useful indicator
to predict the photodegradation of amino acids when Cu(II)−
amino acid species exist in natural waters.

4. EXPERIMENTAL SECTION

4.1. Materials and Solution Preparation. All of the
ligands used were reagent or analytical grade and obtained
from Fluka (Buchs, SG, Switzerland): >99% pure for glycine
(Gly) and L-phenylalanine (Phe) and >99.5% pure for L-
proline (Pro), L-methionine (Met), L-valine (Val), L-leucine
(Leu), and L-isoleucine (Ile). 2,4-Dinitrophenylhydrazine
(DNPH) (>97%) was obtained from Sigma (St. Louis,
MO). Bathocuproine (sulfonated sodium salt) was from
GFS. 2-Nitrobenzaldehyde (2-NB > 98%) was from Aldrich.
Ultrapure water (≥18.2 MΩ·cm resistivity) was generated by a
Milli-Q water purification system (Millipore, Bedford, MA) for
all solutions. Equilibrium concentrations of Cu(II)−amino
acid complex species were computed using Visual MINTEQ.
3.0 program.57,58 Ionic strength corrections and equilibrium
formation constants used for all inorganic Cu(II) species were
taken into consideration and details of the methodologies used
are described elsewhere.36 The experimental solution con-
ditions were optimized from calculations and summarized in
Table S1.
4.2. Analytical Equipment and Measurements.

Absorbance measurements were performed using a Varian
Cary 50 Bio UV−vis spectrophotometer. Photochemical
experiments and chemical actinometry were conducted in
5.00 cm quartz cuvettes (Spectrocell Inc.) using a mono-
chromatic illumination system (Spectral Energy Corp.) with a
high-pressure 200 W Hg−Xe lamp (Ushio UXM 200H)
emitting at 313 nm instead of sunlight in the photochemical
reaction experiments as described previously.36 Spectrophoto-
metric determination of Cu(I) was performed with the
bathocuproine disulfonate (BCS) method based on the
molar absorptivity of the Cu(I)−bathocuproine complex at
484 nm of 1.24 × 104 M−1cm−1.46,59 Ammonia was determined
by purge-and-trap ion chromatography developed previ-
ously.60,61 A modified HPLC−DNPH method was used to
determine aldehydes in waters containing Cu(II) ion.62 2-

Nitrobenzaldehyde (2-NB) was chosen as an actinometer for
the monochromatic illumination system with a quantum yield
of 0.41 ± 0.02 at 313 nm in an aqueous solution.63 The
measured experimental values of the volume-averaged incident
actinic flux I0 at 313 nm were between 0.63 and 0.87
μ(einstein) L−1 s−1 for these experiments. All pH measure-
ments were made using a Radiometer Analytical Ioncheck 45
meter combined with a glass electrode (Mettler Toledo Inlab
439/120). The pH electrode was calibrated periodically using
NIST-traceable standard buffers (pH 4.00, 7.00, and 10.00).
The apparent first-order rate constant (ji→Cu(I), s

−1) for the
photoformation of Cu(I) from a given individual Cu(II)
complex species in terrestrial sunlight was estimated by
integrating eq 4 over the wavelength range 290 < λ ≤ 340 nm

j I dln(10) ( ) ( ) ( )i Cu(I) Cu(I),i Cu(II),i∫ λ ε λ λ λ= {[ ][Φ ][ ][ ′ ]}→

(4)

where values of I′(λ) dλ are published spherically integrated
solar irradiance values over a specified wavelength range for a
solar zenith angle of 30°, values of εCu(II),i(λ) were calculated
from the measured absorption spectra 290 < λ ≤ 340 nm, and
values of ΦCu(I),i(λ) were obtained from ΦCu(I),i at 313 nm.35,64

As a conservative estimate, it was assumed that ΦCu(I),i(λ) =
ΦCu(I),i(313) for λ ≤ 313 nm and ΦCu(I),i(λ) = ΦCu(I),i(313)-
[εi(λ)/εi(313)] for 313 < λ ≤ 340 nm.46
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