J. Phys. Chem. R000,104,4989-4996 4989

Photochemical Formation of Copper(l) from Copper(ll)-Dicarboxylate Complexes: Effects
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Copper(l) quantum yields are reported for Cu(ll) complexes of aliphatic dicarboxylates in aqueous solution
(N2>-purged), based on steady-state illuminations. For Cu(dicarbox/late) Cu(l) quantum yields at 313

nm (Pcugycu) exhibit the following trend (25C, ionic strength= 0.10 M): malonate (0.15= 0.07) >
succinate (0.10t 0.02) (Sun, L.; Wu, C.-H.; Faust, B. Q. Phys. Chem. A998 102 8664-8672) >

glutarate (0.054t 0.005)> adipate (0.042t 0.004)~ pimelate (0.046+ 0.009). The systematic decrease

in Cu(l) quantum vyield observed for these Cu(dicarboxyfatemplexes parallels the increasing degree of
outer-sphere coordination of the complexes. Free uncomplexed malonate species quench the photoformation
of Cu(l) from Cu(malonaté)in a way that cannot be explained solely based on the Cu(ll) speciation. An
interpretation based on the quenching of the intermediate QELC(0)O")°] by H(malonate)/H,(malonate)

is proposed. Evidence is presented for Cu(l) photoformation from Cu(malénate)

Introduction sphere versus inner-sphere coordination on the Cu(l) quantum
yields of structurally related Cu(ll)/dicarboxylates and character-
ized the quantum yield and mechanism of Cu(l) photoformation
from Cu(malonaté)

The chemical speciation of Cu(ll) plays an important role in
controlling the bioavailability and the toxicity of copper to
phytoplankton and other organisms in marine and freshwater
environments3 In natural waters, Cu(ll) is primarily present ) )
as complexes with natural and biogenic organic ligah@s.  Experimental Section
Based on previous studies, Cu(ll) complexes of organic ligands
are significantly photoreactive at terrestrial solar wavelengths

10-13 i i
>290 nm. Therefore, photochem_|cal reactions of Cu(ll) as described previousk All of the ligands were obtained from
complexes can affect the redox cycling of copper, and hence Fluka (heavy metal impurities0.0005% m/m): malonic acid

the speciation of copper, ano! its pioavailability/toxicity to (>99%): glutaric acid £ 98%): adipic acid €99%): pimelic

phytoplankton_ and othgr organisms in natural waters. . acid (>99%). All solutions were prepared using only ultrahigh-
Photochemical reactions of Cu_(II) complexe§ of a series of purity Milli-Q water (=18.2 MQ-cm resistivity). Solutions (or

structurally related dicarboxylate ligands are of interest becausea"quots) were filterea through a Oz syringe filter (13 mm

they are representative (_)f the _coordlnatlon enwronme_nt of Teflon, or 25 mm Tuffryn; Acrodisc, Gelman). Gastight

organically bound Cu(ll) in marine and freshwater environ- injection vials (40 mL, 28x 95 mm,~ 22-mm Teflon-faced

14,15 i : , A 22- -
mentst*1> Our previous study focused on the photoformation silicone septa, National Scientific Co.) were used tephrge

of Cu(l) from a series of structurally related inner-sphere Cu(ll) : :
’ : stock solutions of bathocuproine, Cu(l), and Cu(ll). Glassware
complexes? The Cu(l) quantum yields of Cu(dicarboxyldte) and quartzware were clegned using(] )a 50/50 (vlzl mixture of

vary by a factor of 50 for the following inner-sphere Cu(ll) methanol (99.9%, Fisher, s

. . .9%, , spectranalyzed) and aqueous 3.0 M
complexes: oxalate (0.42), succinate (0.10), and maleate (0.008) : . . it
The trend in Cu(l) quantum yields follows the order expected HCI (Mallinckrodt), and thoroughly rinsed with Milli-Q waté#.

in terms of resonance stability of the carbon-centered radicals.
The previous study mainly dealt with Cu(ll)/dicarboxylate
complexes that exhibit primarily inner-sphere type coordination.
For the Cu(ll)/malonate system, the photoformation of Cu(l)
showed a unique behavior which could not be quantitatively
interpreted using the model in the previous study. Although there
is qualitative information about the reaction pathway, a quantita-
tive assessment of the mechanistic aspects of this process i
lacking” Therefore, this work explored the effect of outer-

Materials and Solution Preparation. Except where noted,
all chemicals were of the same purity and from the same sources

Table 1 summarizes the solution conditions used for this
study, which were optimized from the equilibrium speciation
calculations. Typically, total initial concentration of Cu(ll) ([Cu-
(IN]7) and total initial concentration of dicarboxylate ligand
([L] 1) were held constant while pH was varied, or pH and [Cu-
(]t were kept constant while [k]was varied. The criteria of
a minimum absorbance ¢ 0.010 (at 313 nm) due solely to
gu(ll) species almost always limited the lowest total Cu(ll)
concentration that could be used for photochemical experiments.

Analytical Equipment and Measurements. Ultraviolet—

* To whom correspondence may be addressed: Beckman Institute (139- Visible absorbance measurements were made with a Varian Cary
74), Division of Chemistry and Chemical Engineering, California Institute  3E UV/Vis spectrophotometer and a custom-built constant-
of Technology, Pasadena, CA 91125. E-mail: wu@peer.caltech.edu. ; ; ; _ _

T Present address: Applied Materials, 3111 Coronado Drive, M/S 1512, tempgrature (25C, Fisher 910 reCIrCUIat.Or) variable-path-length
Santa Clara, CA 95054. aluminum cuvette holder (black-anodized). Absorbance mea-

*Present address: 11937 Kiowa Ave. Apt. 9, Los Angeles, CA 90049. surements of Cu(ll) solutions were carried out in Teflon-
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TABLE 1: Composition of Cu(ll)/Dicarboxylate Solutions?

[Cu(iN]+ [L]r
dicarboxylate (L) uM uM pH
malonate 50 5000 4.067.00
50 400-5000 7.00
50 500 5.06-7.00
50 25, 2000 6.00
60 500, 2000 7.00
glutarate 50 50 000 4.25%.00
50 50006-30 000 6.00
adipate 50 50 000 4.506.00
50 70006-35 000 6.00
pimelate 50 3000 4.006.00
50 3000-21 000 6.00

a All solutions were studied at 25C, they contained 10@M total
orthophosphate to buffer the pH:(0.03), they had an ionic strength
of 0.10 M (adjusted with NaCl, almost always 0.10 M), and they were
filtered (0.2um). All solutions for photochemical experiments and Cu(l)
measurements werefpurged. All solutions for spectral measurements
were saturated with ambient laboratory air. Solutions did not contain
any precipitates, and were below the calculated solubility limit of all
solids. [Cu(Il)} = total concentration of Cu(ll). [Li] equals the total
concentration of dicarboxylate ligand. The exact composition of each
solution studied is described in the Supporting Information.

stoppered 10.00-cm quartz cuvettes (Starna). Photochemica
experiments and chemical actinometry were done in gastight
100% fused-quartz cuvettes (5.00 cm path length, Spectrocell
Inc.; R-3050-I; FUV; modified to 70 mm overall height)

equipped with a 12-mm Teflon-faced silicone septum (Sun
Brokers, 200594) and a Teflon screw cap. Solution pH was
measured with an Orion Model SA 720 pH meter and combina-
tion glass electrode (Orion 8103 Ross). The pH measurement
were calibrated with NIST-traceable standard buffers (Fisher).

Copper(l) was quantitatively determined using the bathocu-
proine method?2° N,-purging was used to remove,@om
solutions of Cu(ll)/dicarboxylate, bathocuproine, Cu(l), and Cu-
(1) to ensure an accurate measurement of C§(The apparent
first-order rate constant for direct photoproduction of Cu(l) from
a given Cu(ll)/dicarboxylate complex (CuL and GlLin
terrestrial sunlightj(—cyqy) was estimated by using procedures
described in refs 21 and 22. Values of the volume-averaged
incident irradiancelo (einstein ! s71) at 313 nm were
determined by 2-nitrobenzaldehyde chemical actinoméfery.

The activity of Cd* in solution was measured using an Orion
Model SA 720 pH meter, an Orion 9429 €uion selective
electrode, a 90-02 double junction reference electrode, afid Cu
activity standards (lo§Cw*™} = —6.74 to—3.44) prepared by
volumetric dilution. The electrode response stabilized within 1
min at total copper concentrations above 3. Cu(ll)/
malonate solutions for Cu activity measurements were
prepared by the same procedure, but with Cu{@nd NaNQ
(instead of CuGl and NaCl) to avoid Cl interferences in
potentiometry?*

Photoproducts were detected using a Waters 510 HPLC and
an ABI 783 absorbance detector (215 nm) with a Corogel 64H
ion exclusion column (300x 7.8 mm ID) and 87H guard
column (InterAction Chromatography) using 5.0 mM3O,
in 85%/15% v/v HO/CH;CN as the mobile phase (0.6 mL/
min), maintained at 42C (Eppendorf CH-30 column heater,
TC-50 temperature control). Acetate and glycolate standards
were gravimetrically prepared.

Results and Discussion

Copper(ll) Speciation. The equilibrium Cu(ll) speciation (25
°C) was calculated for each Cu(ll)/dicarboxylate system studied,

S
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using the MINTEQA2 computer program with equilibrium
constants of major Cu(ll)/dicarboxylates listed in Table 2, the
known solution composition ([Cu(lly] [L] t, pH, 100uM total
orthophosphate), and ionic strength (01020 M NaCl)25-28

As described previoushp,the lowest possible Cu(ll) concentra-
tion was used to avoid any possible formation of Cu(ll)/
dicarboxylate dimers. The highest Cu(ll) concentration used in
the study was 6(M, which is lower than the concentration
(500uM) at which Fe(lll) is known to form polymeric species;
Cu(ll) is less prone to forming polymeric species than is Fe-
(1. 2°

From the equilibrium speciation calculation for the conditions
of the photochemical experiments, the complexes CuL,>CuL
and Cu(HL) represented cumulatively the following percentage
of the total Cu(ll) species [10® + fcure + feumy) wheref;
is the equilibrium fraction of the total copper present asithe
complex]: =36% for malonatez 48% for glutaratez52% for
adipate, and>=27% for pimelate. For the 313-nm spectral
measurements done at p&7.00, the complexes Cul, CugL
and Cu(HL) represented cumulatively the following percentages
of the total Cu(ll) species [10&u + fcure + feurn)]: =95%
for malonate,>48% for glutarate,>58% for adipate, and
between 0 and 27% for pimelate. Under the conditions of this
Ftudy, the fraction of all forms of inorganic Cu(ll) speciég)(
was not negligible; nevertheless, the absorbance of these species
is weak and their photolysis inefficient, even compared to the
least reactive Cu(ll)/dicarboxylate complex studied here. All
Cu(ll)/dicarboxylate solutions studied here were calculated to
be undersaturated with respect to all possible solid phases (e.g.,
CuO(s), CuCQ(s), Cy(POy),, etc.) which may occur in the
experimental solutions. Also, solid phases were not visible or
detectable over the experimental timescale.

To confirm the speciation calculation for the Cu(ll)/malonate
system, the CiI activity, { Cl?*}, was measured by potenti-
ometry for Cu(ll)/malonate solutions identical to those used for
experiments except that nitrate salts were used instead of
chloride salts to avoid Clinterferences. Figure 1 shows that
the measured Cul activity, { Cu?*}, was in good agreement
(within 10%) with{ Cu?"} values from the equilibrium specia-
tion calculations.

Molar Absorptivities of Individual Cu(ll) Complexes.
Molar absorptivities §, M~ cm™) at a given wavelength for
individual species were determined as

1)

€cuny = izeifi

whereecyq is the experimental Cu(ll)-based molar absorptivity,
€i is the fundamental molar absorptivity of individual Cu(ll)
complexes, anfl is the equilibrium fraction of the total copper
present as théth complex3® Equation 1 indicates that the
observed valuescyy is a linear combination of the weighted
molar absorptivities of individual Cu(ll) species. Therefore, the
fundamental molar absorptivities of individual Cu(ll) complexes
(e.9.,ecuL, €cuL,) can be determined from a multivariate linear
regression of eq 1 by varyiniy

Table 3 shows the values of molar absorptivities of individual
complexes (CuL) at 313 nm for each Cu(ll)/dicarboxylate
system studied here. The experimental data demonstrate that
Cu(ll)/glutarate, Cu(ll)/adipate, and Cu(ll)/pimelate complexes,

which share a similar transition between Cu(ll) and ligands,

have very comparable molar absorptivities at 313 nm.
Kinetics of Cu(l) Photoproduction from Cu(ll)/Dicar-

boxylates.Earlier studies have established that for an aqueous

Cu(ll) solution with low total absorbance (&40.12), and where
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TABLE 2: Composition Matrix for the Calculated Equilibrium Speciation of Cu(ll): Cu(ll) Species, and their Corresponding
Components, Stoichiometric Coefficients, and Equilibrium Formation Constanta®

equilibrium
components constartt
species mar glu? adip?™ pim?~ Ccuw H* log(B) note$
Cu(maly 1 1 5.04 0.10, 25
Cu(Hmaly 1 1 1 7.36 0.10, 25
Cu(maly? 2 1 7.80 0.10, 25
Cu(gluy 1 1 2.37 0.10, 25
Cu(adipy 1 1 2.3 0.10, 2%
Cu(pimy 1 1 2.21 0.10, 25

a All equilibrium constants reported here are for Z5 (except where noted otherwise), 1.0 atm, and ionic streingtl®.10 M. In certain cases
equilibrium constants have been converted from a value for another ionic strength to a value for ionic strérffdhiM (as listed in this table),
using the Davies equation (ref 28)Equilibrium formation constants8] and K, values are from critical reviews (refs 2@87). [species}=
Blcomponent I[component 2Z[component 3. . ., wheee [ ] signifies molar concentration of the species/comporigitk, . . . are stoichiometric
coefficients for the corresponding component (given in the matrix above)j anthe equilibrium formation constant of the species. Equilibrium
constants for all inorganic Cu(ll) species used here are identical to those given previously (ref 16). Blank entries in the table are #€ro. The p
values of the species (2&, 1.0 atm] = 0.10 M; original source, and as used here) are: malonic acid (2.63, 5.28), glutaric acid (4.13, 5.01), adipic
acid (4.27, 5.03), pimelic acid (4.31, 5.08),G0s* (6.13, 9.88) where HCOs* = H,COs(aq) + CO,(aq), and HPO, (1.92, 6.71, 11.65). FdK,,
= [H™][OH™], log(Kw) = —13.78 (25°C, 1.0 atm,] = 0.10 M; original source, and as used hefehaP~ = malonaté~, GIW*~ = glutaraté-,
adip~ = adipaté-, and pini~ = pimelaté-. Hmal~ represents the monoprotonated form of malonétenic strength (molar) and temperature
(°C) of the original source of the thermodynamic data.

3.0 TP assumption in the Cu(ll)/oxalate system ([Cu@f 10 uM,
pH = 5.00, [L}y = 500uM, 100uM total orthophosphate, and

35 E Cu(ily/Malonate 3 , ¢ "hoj
F I=0.10 M (NaNO,) 0.10M NaCl). The first-order rate is maintained over 3 half-
40 F 25°C 3 lives in Cu(ll)/oxalate system.
45 B E Figure 2 shows the results of Cu(l) photoproduction, which
N are typical for Cu(ll)/dicarboxylate systems. Cu(l) photopro-
o 50 (: 3 duction follows first-order kinetics characterized by an apparent
O =55 E 3 first-order rate constant ($). The first-order rate constant of
o= E 3 Cu(l) photoproductionjéyg) at 313 nm was determined from
o 60 F 3 the linear-regression slope of the plot of [@u(I)]+/([Cu(ID)]+
65 E E — [Cu()])} versus illumination time.
] Mechanisms and Cu(l) Quantum Yields with Model
7o E O Measurements Ligands. Based on the results of previous studies and on the
75 E Calculations 2 literature16.17:3+33 the photoredox process of Cu(ll)/dicarboxy-
T T T T T T lates can be depicted in Figure 3.
80 30 35 40 45 50 55 60 65 7.0 As shown in the figure, irradiation of Cu(ll)/dicarboxylate

pH complexes induces charge transfer and subsequent redox
decomposition to Cu(l), C&and various organic products. The

Figure 1. Comparison of the measured cupric ion activity {I6g?*}, i i i i

angd the calculapted valuesO) Values of lo qpc 1) measuﬁg?;}so photpchemlcal transformz_mon to Cu(l) involves severz_al inter-
uM total Cu(ll), 2 mM malonate, 0.10 M sodium nitrate, and pH medlate_s, :&me of Wh'Ch h"f“’e been obser\_/ed in flash
3.00 to 7.00 (Note that the potential response for the-ISE was photolysis? These intermediates can be designated as a

determined using dilute standards at°Z5with [Ci?'] = 1.00 x 1073 carboxylate radical (i.e., acyloxyl radical, carbonyloxyl radical,
to 5.00x 1077 M, 0.10 M sodium nitrate at pH 4)—) Calculated ‘'O(0)C—R—C(0)O") and a carbon-centered radicaC{ R—
values for conditions_ corre§ponding to expe_rimental data. (--_-) C(0)0), both of which may be either free or bound in the
Calculated values for inorganic complexation (without malonate) with water solvent cage with Cu(l). Since the Cu(l) quantum yield
otherwise identical composition. (Dcugy is the ratio of total Cu(l) formed to photons absorbed,
the conversion of Cu(ll) to Cu(l) is limited te<10% of the all contributions from direct and indirect photochemical reac-
initial total Cu(ll) concentration, the initial rate of Cu(l) tons are incorporated into the reported Cu(l) quantum yield.

photoproduction can be expressed in terms of experimental The photochemical reaction of Cu(ll)-dicarboxylate com-

guantities as® plexes in Figure 3 can be represented by the following simplified

mechanism. Note that, for simplicity, the proton-transfer reaction

RCu(l)O = 2-3030D‘DCU(|)GCU(||)[CU(||)]T = qu(I)[Cu(”)]T with Watgr and the complexation reactic.m. with the free ligand
@) (present in excess) are not shown explicitly.

wherelo is the volume-averaged incident irradiance (einstein Cu(ll), + hv —— — [Cu(l)-'RC(O)O ], + CO, j;; 3)
L1 s™1), D is the optical path length (cm), anBicy() is the

experimental Cu(l) quantum yield (mole einsteip All of the [Cu(l)-'RC(O)O ], — Cu(l) + RC(O)O"  k, (4)
parameters in the quantityR{y)%(2.303,D[Cu(Il)]+)] are . 7 7

measured or known. The initial rate method can provide the [Cu(l)- RC(O)O ]; + Q —— Cu(ll); + HRC(O)O k3 (5)
same kinetic information in the whole course of the reaction as . _

long as the measurement is during this steady-state period thaCu(ll)y + RC(O)O — Cu(l) + R(OH)C(O)O Kk, (6)
intermediates in the system reach their steady-state concentra-

tions. Separate experiments have been performed to check thisvhere the subscript represents the photochemical reaction
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TABLE 3: Summary of Molar Absorptivities ( €cu., M~* cm™1) and Cu(l) Quantum Yields (®cyu,cu, Mol einsteirr?) for the
Individual Cu(dicarboxylate)® (CuL) Complexes at 313 nm and a Comparison with the Fraction of Outer Sphere Coordination

of Cu(dicarboxylate)® Complexe$

dicarboxylate

calculated contribution of

~O(0)C—(CHp)n—C(0)O n €cuL Deygy,cuL (Deugy,cu)(ecu) log(K)° outer sphere coordinatién source
oxalate 0 82+ 23 0.42+0.14 35+ 6 4.85 0.0023 ref 16
malonaté 1 214+ 4 0.1540.07 3.1+1.2 5.04 0.0015 this work
succinate 2 75 0.10+ 0.02 71+ 1.1 2.7 0.32 ref 16
glutarate 3 46t 2 0.054+ 0.005 2.5+0.2 2.37 0.69 this work
adipate 4 49t 4 0.042+ 0.004 2.1+0.1 2.3 0.79 this work
pimelate 5 519 0.046+ 0.009 2.3+:0.2 221 ~1 this work

@ Mean valuet 1 standard deviation for 28C and 0.10 M ionic strength (NaCl). Solutions were purged with ultra-high purtfjoNthe Cu(l)

guantum yield determinations. The range of solution compositions used to determine these values is given in Table 2 and in the Supporting Information

b B = [Cu(dicarboxylaté)}/([Cu?M][dicarboxylaté™]) for 25 °C, ionic strength= 0.10 M (NaCl, almost always 0.10 M), 1 atfEstimated assuming
that thef value for Cu(pimelaté)represents the approximate likely minimum value for outer sphere coordination of Cu(dicarb8xgiata)s
series of complexes: contributien BpimeladBdicarboxylate ¢ €cu, = 30 £ 4 M~ em ™, ®cyg)cunccu, = 0.1+ 1.2 L einsteint cm™?, andkig/ki, = (4.7

+3.0)x 100 ML

0.025 prrrprrR TP T
i O pH=500 7

[ O pH=550 ]

= 0020 | A pH=600
=1 [ V pH=650 ]
o, L O pH=7.00
‘0015 | ]
3 [ :
O, [ ]
= 0.010 | 4
= I 4
=1 [ ]
O, [ ]
T 0005 -
]

]

10

15 20 25 30 35 40 45

lllumination Time, minutes
Figure 2. Kinetic behavior of Cu(l) photoproduction at 313 nm (25
°C) in the Cu(ll)/malonate system with [Cu(H)¥ 50uM, [malonate}
= 500 uM, pH = 5.00 to 7.00 (10Q:M total orthophosphate), and
ionic strength= 0.10 M NaCl. The slope of this plot (after correction
for minor Cu(l) production in the dark) gives the apparent first-order
photoreaction rate constant for Cu(l) photoproductien (eq 2).

pathway of thath Cu(ll) species Cu(l|)(e.g., CuL, Culk, Cu-
(HL), etc.), the rate constants are representgd as,, kis, and

w1

cu(l
O/Cu(ll)\o A /CU(”)\O * o u(l)

N /s v N Z \, v/
—R— —R— —_— —R—C
0,/0 R c\\o——> O//C R C\\o 0,/0 R o

_cul) |
N . t CO2 «—
LR
A\ o
+
cul) + “c-R'<'» CR
o 3
————— Cu(ll) cu(l) cu(lly
«<— H"  HOH H*
o) 0
,C—ROH ,C—RH
o o
unimolecular, and HLY/HL /L2 T

Figure 3. Reaction scheme for the photoreaction of Cu(ll)/dicarboxy-
late complexes.

Cu(ll)/malonate system (R= CH,), both CHC(O)O  and
CH(OH)C(O)O were formed during illumination (313 nm)

kia, 'RC(O)O represents the carbon-centered radical, Q repre- of the Cu(ll)/malonate complexes ([Cu(h)F 50 uM, pH =

sents any possible quenchers of [CuRE(0)O7]; (including
uncomplexed dicarboxylate speciesLiHHL~, or L?7). When
the unimolecular back electron transfer of [CURE(O)O;

occurs (by which the released Cu(ll) immediately reforms the

original complex Cu(ll)in the presence of excess ligand), Q

7.00, [L}r = 800, 170QuM), which is consistent with previous
findings at 254 nm and confirmed the indirect photochemical
pathway!”

For most Cu(ll) complex systems, the decay of the intermedi-
ate [Cu(l):RC(O)O7] is unimolecular or pseudo-first order.

may be a solvent molecule or may not be present. HRC(O)O y5yever, in some cases (specifically with Cu(ll)/malonate), the

and R(OH)C(O)O represent photoproducts (e.g., acetate and

hydroxyacetate from Cu(ll)/malonate system, respectively).

The stability of the carbon-centered radical influences the rate
of decarboxylation to form the carbon-centered radical (relative

to jiz), which in turn influences the Cu(l) quantum yield in the
system previously studie¢d.Once formed, the radical species
Cu(l)-RC(0O)O can dissociate into Cu(l) and the free carbon-
centered radicaRC(O)O, whereby the radical (protonated and

deprotonated forms) can reoxidize Cu(l) to Cu(ll) or reduce
another Cu(ll) species to Cu(l). The latter reaction is favored

by the ratio of Cu(ll) to Cu(l) concentrations; competition
between Cu(l) and Cu(ll) foRC(O)O™ determines the yield

quenching effect on the photoformation of Cu(l) of free

uncomplexed ligand species (which vary in concentration
depending on the reaction conditions) may be considered
explicitly. Therefore eq 5 can be clearly expressed as the
following process:

[CU(l)-RC(O)O Igaget HL TH,L ——
cu(ll)-L + HRC(O)O (7)

Data Analysis for Copper(l) Quantum Yields. Following

of Cu(l). In the system studied as shown in Figure 3, aqueous the total initial Cu(l) photoproduction rate is the sum of the

Cu(ll) species, namely, G, CuL, and Cuk etc., are likely to

initial photoreaction rates of individual Cu(ll) species, quantum

be the major scavengers of the carbon-centered radical. For theyields @cu(), mole einstein?) for individual species of the
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o [ 313 nm ] .% L 313 nm .
~ | | 5 ]
10 } - N T N -
= - O “e N 1
3t 1 s | 1
O -
S 1 e
= 1 ! r 1
3 05 t - £ 05 L -
W | J (8] L S~a_
3 s --- Eq.8 =
o I O Measurements L 3 F a9
© I Best fit to kinetic model 1 (=) I a.
L J I O Measurements -P
00 T P T P B (1Y JLTTEEY FETTY FPPUY FEUTY FUUTY SPRTY PRTIN PUUTT PAT PO
0.0 0.2 0.4 0.6 0.8 1.0 00 05 1.0 15 20 25 3.0 35 40 45 50
Calculated Equilibrium Fraction of Cu(ll) Total Concentration of Malonate, [L], , mM
Presentas CuL, f Figure 5. Comparison of measured and calculated photochemical

Figure 4. Comparison of measured and calculated photochemical parameters for Cu(ll)/malonate as a function of total concentration of
parameters for Cu(ll)/glutarate. Best fit values (multivariate linear \r/na?lljc:ansaé%té-rr;i-%e%eiifr:t v:lugs determined using eq-8) Best fit
regression) were determined from eq 8. geq>.

different Cu(ll)/dicarboxylate complexes can be determined by S T B L B

(DCU(I)GCu(II) = ?((DCU(I)J & f) (8)

-1

[Cu(l)), =50 uM
[Malonate], = 500 uM 1
I =0.10 M (NaCl)
25 °C, N, purged
313 nm

| A

-
o

where ®¢cygecuqny iS an observed quantity, and the species-
specific quantity ®cyy;, includes®cygy,cu for Cul, @cyq),cut2

for Culy, ®cyq),cury) for Cu(HL), and®cyy,in for the average
(mean) of all inorganic Cu(ll) specié8 Equation 8 indicates
that the observed valu&cypecuqr is a linear combination of
the weighted value ofbcy)jei. Therefore, the fundamental
quantity @cu),ei) of individual Cu(ll) complexes (e.g., CulL,
Culy,) can be determined from a multivariate linear regression
of eq 8 by varyingfi. As an example, Figure 4 illustrates the
quality of fit of eq 8, which was used to determine the single

T

T

o
o

LI B B S B e o
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variable ®cyg cuecu for the Cu(ll)/glutarate system. Cu(l) S yme—
quantum yields at 313 nm for Cul®(yqy cu) of the different ' ‘ 'H ' '
Cu(ll)/dicarboxylate complexes (except for the malonate system) p

were determined by these procedures and are listed in Table 3Figure 6. Comparison of measured and calculated photochemical
Good agreement between calculated and measured values waRarameters for Cu(ll)/malonate as a function of pH. (- - -) Best fit values
obtained for Cu(ll)/adipate (within 8%) and Cu(ll)/pimelate determined using eq 8—) Best fit values determined using eq 9.
(within 19%) systems. _ malonate species, the quantum yields for individual species of
In the Cu(ll)/malonate system, the photgchemlcal rgsults Cu(ll)/malonate can be determined from
(measured values dbc,gecuqry from eq 2) obtained by varying
the total malonate concentration (at constant [Cu{&jd pH) - —
or varying the pH (at constant [Cu(Ip]and total malonate Peupfeun(® + (ki IHL ) iz(q)cu(')'ieifi) ©)
concentration) could not be quantitatively interpreted solely
based on the Cu(ll) speciation. Specifically, the decrease of thewhere the values of; and [HL"] are determined from the
determined®cygecuqry Values with increasing total malonate  equilibrium speciation calculations (Appendix I). Thus a mul-
concentration was much greater than expected in eq 8, even iftivariate linear regression of eq 9 (forcing the intercept through
the Cu(l) quantum yield for Culis assumed to be zero, as zero) is carried out to determine the coefficiefiigyqy,e (for
shown in Figures 5 and 6. This indicates that, in addition to the each Cu(ll) species) ands/kio. Values of®c,gy;e for Cu(ll)/
Cu(ll) speciation f in eq 8), some other factor involving the  malonate complexes determined by these procedures, and hence
malonate species (e.g.olHHL ~/L27) affected the photochem-  values of®c); derived therefrom, are independent of the free
istry of the Cu(ll)/malonate system for the conditions studied malonate concentration and speciation (shown in Table 3).
here. For the Cu(ll)/malonate system, multivariate linear regression
Due to reactions of the protonated malonate speciek/(H of eq 9 gave the following results (mean valttel standard
HL ™) with the radical species [Cu(IRC(O)O ] formed during deviation): ®cygy,cutecu. = 3.1 £ 1.2 L einstein? cm™,
illumination of Cu(ll)/malonate solutions, Cu(l) photoformation ~ ®cyq) cuzcuz = 0.1+ 1.2 L einstein® cm™1, andkig/ki; =
rates are strongly dependent upon the concentration of free(4.7 & 3.0) x 10* M~L The kinetic expression (eq 9) fits the
uncomplexed malonate species H(malormagg)d H(malonate). data reasonably well, as shown by the comparisons in Figures
After considering the quenching effect of free uncomplexed 5 and 6. As for all data, the calculated Cu(l) photoproduction
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rates agree well with the measured rate®(% difference for Cu(ll) speciation. Sensitivity analyses were performed to
16 of 17 experiments) for measured rates of Cu(l) photopro- determine the effect of the uncertainty in calculated equilibrium
duction that varied by approximately 20-fold. Additional Cu(ll) speciation (i.e.fcuL, fcuLa: feun, fin, €1C.), Which is based
information about the quality of the fits is available in the on equilibrium constants andKp values listed in Table 2. It

Supporting Information. was found that the uncertainty in equilibrium formation
Based on the values #&f; (M~! s72) determined using flash ~ constants of CuL and Cul(if present) exhibited the greatest
photolysis of Cu(ll)/malonate solutions [(788 1.2) x 10F for effect on the associated uncertainty in valueg;@nd ®cy);.
CuL, (1.76 £ 0.15) x 10’ for Culy],'” the quantityki is Hence, for each Cu(ll)/dicarboxylate system, sensitivity calcula-
calculated to be 168 109 s for the CuL pathway or 374 tions were carried out, for which the equilibrium constants for

155 s for the Culy pathway. By comparison, the first-order CuL (Bcu) and Culz (Bcur2) (if present) were varied over a
rate constant for unimolecular decay of an intermediate formed 4-fold range (increased or decreased by a factor of 2.0 relative
during flash photolysis of aqueous Cu(ll)/malonate solutions to the best values gfcu andfScu2 given in Table 2). For each
was determined to be 898 300 s for the Cul, pathwayl” Cu(ll)/dicarboxylate system, results of these calculations (4
while those for unimolecular decay of intermediates formed from permutations) are summarized as ranges of the relevant param-
the reaction of C# with ‘CH,C(O)O™ during pulse radiolysis  eters.

of N,O-purged aqueous Cu(ll)/acetate solutions weret2(83 Ranges ot (M~ cmY) are: 18-21 for Cu(malonaté) 41—

s ! for the CuL pathway and 9& 5 s™* for the Cul; pathway?* 53 for Cu(glutaraté) 45-57 for Cu(adipaté) and 3171 for

The valuek, (374+ 155 s'?) for the Culp pathway determined  Cu(pimelate). Ranges ofbc,; (mole einstein?) are: 0.1%

here is in the range of reported values. 0.20 for Cu(malonat®) 0.05-0.06 for Cu(glutaraté) 0.04—
Based on the reported value lof (7.8 x 10° M~ s71) for 0.05 for Cu(adipaté®) and 0.04-0.06 for Cu(pimelaté) Since

CuL and the calculated equilibrium values of [FL= 8.4 to most of the published values @t and Scu2 are within a

378uM for the experimental conditions of the Cu(ll)/malonate factor of 2.0 of the best values cited in Table 2, the above

system,kis[HL =] may fall in the range from 66 to 2950°% uncertainties are considered small.

Thus, the value ok, (166 + 109 s* for the CuL pathway or Effect of Outer-Sphere Coordination on the Cu(l) Quan-

374 £+ 155 s for the Culp pathway) is not greater than tum Yield. An important factor affecting the Cu(l) quantum
kis[HL ] for all of the experimental conditions studied here. yields for these complexes is the degree of outer-sphere
This indicates the necessity to use eq 9 for the Cu(ll)/malonate coordination, as measured by the trend in equilibrium formation
system, rather than eq 8 as done for other Cu(ll)/dicarboxylate contants for Cu(dicarboxylate)(5 = [Cu(dicarboxylate®)/
systems. ([Cu[dicarboxylaté&~1])). The Cu(dicarboxylatd)complexes

On the other hand, for Cu(ll)/glutarate and adipate systems, studied here are 5-member to 10-member rings, which show a
eq 9 can fit the data better than eq 8, especially in the low pH weakening of complexation with increasing ring size of the
ranges (pH= 4.25 to 5.75). Obviously, the two variable model formed chelaté® Based on critical NIST evaluations for the
is always more effective than the single parameter model from same conditions, the following trend is observed for 18y (
the mathematical point of view. Nevertheless, the values of (25°C, ionic strength= 0.10 M): malonate (5.04) succinate
Dcygycuecu. based on eq 9 agreed within 1% of those (2.7)> glutarate (2.37)> adipate (2.3x pimelate (2.21). The
determined from the simpler eq 8. Multivariate linear regression constant for pimelate very likely represents the approximate
of eq 9 for Cu(ll)/glutarate and adipate systems gave (mean minimum value due to outer-sphere complexation for these Cu-
value+ 1 standard deviatior§s/ki = 39 + 24 M~ and 13+ (dicarboxylate) complexes® Based on this, the contribution
11 M™%, respectively, which are 3 orders of magnitude less than of outer-sphere coordination in the series of Cu(dicarboxylate)
the value of Cu(ll)/malonate system. Therefore, the quenching complexes are estimatef(neiaidBaicarboxylatd 10 be: 0.0015 for
effect of free protonated ligand species in Cu(ll)/glutarate and malonate, 0.32 for succinate, 0.69 for glutarate, 0.79 for adipate,
adipate systems is small. At low pH, we cannot also preclude and~ 1 for pimelate. The systematic decrease in Cu(l) quantum
the possibility that the formation of the CuHL species, which yield observed for these Cu(dicarboxyl&tedmplexes parallels
was not considered in these systems. Like Cu(ll)/succinatethe increasing degree of outer-sphere coordination of the
system studied previously, the quantum yields of Cu(HL) species complexes. The presence of one or more water molecules
may be close to zero in Cu(ll)/glutarate and adipate systems.between C&" and dicarboxylatt undoubtedly decreases the
As a consequence, the kinetic data alone do not allow us toefficiency of the initial photoinduced electron transfer from
distinguish unambiguously between formation of the CuHL dicarboxylaté~ to coordinated C#. The dicarboxylate ligand
species and the quenching effects of free protonated ligandstructure also affects the lifetimes and rates of intramolecular
species (HL). Both effects should be negligible at pHb. electron transfer of Cu(dicarboxylategxcited states. Any of

Previous flash photolysis studies of aqueous Cu(ll)/malonate these factors would, in turn, influence the Cu(l) quantum yield.
solutions (spanning even a wider pH range than that studied Photoreaction Rate Constants in SunlightThe apparent
here) have found thatH/HL ~ malonate species react with an first-order rate constants for photoproduction of Cu(l) from the

intermediate, proposed to be [Cu(RC(0)0],*"3! and ac- Cu(ll)/dicarboxylate complexes in terrestrial sunlight (solar
celerate the back electron transfer in CURJE(0)O™ to reform zenith angle= 30°), ji—cug) (7%, are calculated to be 9.5
Cu(ll). However, in the study of the Cu(ll)/succinate-malonate 1076 for Cu(malonaté) (assuming that the free malonate
mixed ligand system ([Cu(ll}] = 50 uM, [Succinate} = 50 concentration is low enough to avoid any quenching effect),

mM, [Malonate} = 100uM, pH = 5.00-6.50), free malonate 7.0 x 1076 for Cu(glutarate), 6.8 x 1076 for Cu(adipate), and

species were not observed to quench the photoformation of Cu-6.7 x 1076 for Cu(pimelate’. In surface seawater, a variety of

() from Cu(succinaté) This implies that the decay of the  reactions with photochemically produced reactive oxygen spe-

intermediates (Cu(DRC(O)O") is specific and the structure of  cies such as superoxid&g~) and hydrogen peroxide ¢8,)

intermediates affects the ligand-to-metal charge-transfer reaction.may be involved in controlling the redox cycling of coppér3®
Sensitivity Analyses.The determination of molar absorp-  Although a recent study shows that the observed rate constants

tivities and Cu(l) quantum yields relies on knowledge of the of the reactions of superoxide with Cu(l) and Cu(ll) in seawater
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are one order of magnitude lower than those reported in low The expression for the Cu(l) formation becomes
ionic strength medid® comparison of the kinetic information
indicates that the pseudo first-order rate constants of reactive
oxygen species are at least two orders higher than those of
dicarboxylate acid model ligands. This implies that reactions
of Cu(ll) by photochemically produced superoxide and hydrogen
peroxide are likely to be the dominant sources of observed
steady-state Cu(l) concentrations in sunlit surface seawater.
However, the simple Cu(ll)/dicarboxylate complexes studied
may serve as a model of how to study the more complex natural
organic compound in marine and freshwater environments.

R’ = {262/ (k + k[ QDY julCu(ll; (A7)
Therefore, in the context of the simplified mechanism (e®3
the relationship between the quantum yield of &@d that of
Cu(l) of theith Cu(ll) species gives

Dyl Peo,i = 2ol (K + kig[Ql) (A8)
Appendix Il

Conclusions Extraction of Cu(l) Quantum Yields from the Proposed

The Cu(l) quantum yields of Cu(dicarboxyldtddllow the Reaction Pathway. A. Constant k[Q]. For most Cu(ll)/
trend: oxalate> malonate> succinate> glutarate> adipate ~ dicarboxylate systemsk3[Q] is a constant (i.e., eq 5 is a
~ pimelate. Two important factors affecting the Cu(l) quantum unimolecular back electron-transfer reaction) or much smaller
yields for these complexes are relative stability of the carbon- thankiz. Then,®cy), is a well-defined quantum yield. In this
centered radicals and degree of outer-sphere coordination, agase, the initial rate of Cu(l) photoproduction from ftte Cu-
measured by the trend in equilibrium formation contants for (I1)i pathwayRcy();° in units of M/s can be expressed in terms
Cu(dicarboxylaté) Free uncomplexed malonate species Of experimental quantities as:

H(malonate) and H(malonate quench the photoformation of
Cu(l) from Cu(malonaté)in a way that cannot be explained

0
= S(Reyn) = 2.303 D[Cu(I)] + S(P ey &)
solely based on the Cu(ll) speciation. Rather, a direct quenching Reuo i Reuni 0 T <\ cu@yi€ili

effect must be included in order to model the observed Cu(l) (A9)
photoformation successfully. . .
After combining eq 2 and eq A9 we arrive at eq 8.
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Thus quantum yieldsd§cyg),) for individual species of the

different Cu(ll)/dicarboxylate complexes can be determined by
eq 8.

B. Quenching Effect by Free Uncomplexed Malonate Species.
In Cu(ll)/malonate systerrk;, is no longer greater thaks[Q]

Appendix |

Extraction of Rate Constants from the Proposed Reaction
Pathway of the ith Cu(ll) Species Cu(ll);. The mechanism

described by eq-36 predicts different formation rates for GO
and Cu(l). The rate law for each species is
RCOZ,iO = P@co s = 2.303(Pco,ecy[CullD]D =
Jul[Cu(I]; (A1)
RCu(I),iO = DQcy)la= ki [Cu(l)-RC(O)O ], +
kJ RC(O)OJICu(IN]; (A2)
Ricuy-re@o1”’ = inl[CUlI]; = k[Cu()-RC(0)O; -
kalQI[Cu(l)- RC(O)O]; (A3)
R{'RC(O)O]O = k[Cu(l)-RC(O)O]; -
kL RC(O)OTICu(IN]; (A4)
whereRco,;° is the initial rate of CQ@ production from théth
Cu(ll); pathway (the same as Cu(l), etd).is the total light
intensity absorbed by the Cu(lomplex being irradiated. The

steady-state approximation, applied to [CUREZ(0)O]; and
[[RC(O)O], gives

[Cu(l)-RC(O)O ]; = ji[Cu(iN]i/(k, + ks[Q])  (A5)
[RC(0)O] = jiiki/{ kia(ki, + ki QD} (A6)

and [Q] is the concentration of the free malonate species. In
this case ®cyg); is not a constant but a function of [Q] (eq
AB8). For such conditions, the initial rate of Cu(l) photoproduc-
tion (M/s), Rcy®, can be expressed in terms of experimental
guantities as:

RCu(I)O = 2.303,DICu(IN]+ X{ 2ko/(k;, + ks[Q])} (CI)COZ,iGifi)
! (A10)

To keep the model as simple as possible, it is assumed that
values ofki; andk;z are similar for each of the different Cull)
species undergoing photoreactions in the Cu(ll)/malonate
system.

Dividing eq A10 byk;; and rearranging gives eq 9:

Deypecuan(d + (Kgki)[QD) = ?((DCU(I),iEifi) ()]

where®cyg)i = 2Pco,;. For conditions of the Cu(ll)/malonate
photochemical experiments reported here (all data for=pH
5.0), Q represents [Hi].

Supporting Information Available: Tables containing
additional information about the molar absorptivities and the
photochemistry of the Cu(ll)/dicarboxylate systems studied here.
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