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Photochemistry of [Cu(MeCN);Cl]*, [Cu(MeCN)Cl3]-, and [CuCl4]*>~ copper(ll) chlorocomplexes in
acetonitrile solution is studied by means of the combination of the steady-state photolysis and
ultrafast transient absorption methods. The main relaxation pathways of the initially excited ligand-
to-metal charge transfer states are internal conversion to the ground state, ionic dissociation without

(photo)reduction of copper(ll), and radical dissociation with (photo)reduction of copper(ll). The
copper(Il)-to-copper(I) photoreduction quantum yields obtained from steady-state photolysis corre-
late with ultrafast spectroscopy data. The presence of oxygen does not affect the photoreduction
quantum yields, which do not exceed 7% for the complexes studied and decrease in the series:
[Cu(MeCN)sCl]* > [Cu(MeCN)Cl3]~ > [CuCly]>~.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Metals play essential role in metabolism of living organisms,
including humans [1-7]. In photobiology, copper-based proteins
are responsible for electron transfer in photosynthesis processes
[8-10], and their photoexcitation into ligand-to-metal charge
transfer (LMCT) excited states is regarded as an ‘analog of the actual
biological electron transfer’ [11]. Ultrafast photochemistry of cop-
per complexes in a sub-picosecond time domain is best studied for
blue copper proteins [11-18]. It was demonstrated that upon LMCT
excitation, these systems relax non-radiatively predominantly back
to the electronic ground state, either directly [12,13,16-18] or cas-
cading through the manifold of lower-lying ligand field (LF) excited
states [11,14,15] in less than 1 ps. Much less is known regarding
photochemical reactions of these complexes on much longer time
scales. On the other side, for a great number of simple copper
complexes, steady-state photochemical studies were performed
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revealing quite interesting photochemistry [19-26], but almost no
ultrafast data have been reported to date.

The LMCT excited states arise as a result promotion of an
electron from ligand-localized fully occupied orbitals to a singly-
occupied d-orbital of a copper ion. The LMCT excited states of cop-
per(Il) complexes have been thoroughly reviewed in the literature
[27] and demonstrated to be repulsive along a copper-ligand chem-
icalbond [28,29]. Therefore, Cl — Cu(Il) LMCT excitation is expected
to result in redox Cu—Cl bond breaking with the formation of
copper(I) complex and chlorine atom fragments, i.e., the copper(Il)-
to-copper(l) photoreduction and ligand oxidation [19-26]. In the
most steady-state photolysis studies [21-26], copper(Il) halide
complexes, [CuX;]>™ upon LMCT excitation are thought to be
dissociative, forming a copper(l) halide [CuX,_1]>~" complex and
a halogen atom X°, which subsequently undergo oxidation or
halogenation reactions. However, copper(Il)-to-copper(l) quantum
yields are small, especially for copper(Il) chloride complexes, where
itdo notexceed 13% for acetonitrile and methanol solutions [21,25].

Whereas the photochemistry of copper(ll) complexes upon
LMCT excitation has been widely studied, revealing the copper(II)-
to-copper(l) photoreduction as a primary photochemical reaction,
the explanation of small photoreaction quantum yields as well as
effects of solvents and ligand on the photoreduction quantum yield
has not been offered. In the present work, we used the combination


dx.doi.org/10.1016/j.cplett.2014.10.016
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.10.016&domain=pdf
mailto:andreym@chem.spbu.ru
dx.doi.org/10.1016/j.cplett.2014.10.016

106 A.S. Mereshchenko et al. / Chemical Physics Letters 615 (2014) 105-110

of steady-state laser photolysis and femtosecond transient absorp-
tion spectroscopy methods with different excitation wavelengths
toreveal main relaxation pathways of different LMCT excited states.

2. Experimental

Copper(ll) perchlorate hexahydrate (98%), tetraethylammon-
ium perchlorate (>98%), tetraethylammonium chloride (>98%),
copper powder (>99%), murexide, ethylenediaminetetraacetic acid
disodium salt aqueous solutions (0.1 M), ammonium chloride
(>99.5%), ammonium hydroxide aqueous solutions (28.0-30.0%),
and acetonitrile (>99.5%) were purchased from Sigma-Aldrich.
Tetraethylammonium chloride, tetraethylammonium perchlorate,
and lithium chloride were dried in vacuum oven at 110°C for
10h. Chloroacetone (95%) was purchased from Alfa Aesar and
used without additional purification. Tetrakis (acetonitrile) cop-
per(I) perchlorate was prepared as described previously [30,31].
To prepare copper(Il)-containing solutions, first, a stock solution
of copper(Il) perchlorate, C(Cu?*)=0.2 M, was prepared by dissolv-
ing copper(Il) perchlorate hexahydrate into acetonitrile followed
by complexometric titration using an ethylenediaminetetraacetic
acid disodium salt solution (0.1 M) and murexide as titrant and indi-
cator, respectively, in an ammonium chloride (0.1 M)-ammonium
hydroxide (0.1 M) buffer solution.

For the global fitting of titration UV-vis absorbance measure-
ments to a specific chemical reaction mechanism, which allows
the determination of equilibrium constants of the involved species,
ReactLab EQUILIBRIA software was used [32]. ‘Medusa’ software
[33] was used to calculate the fraction distribution of the complexes
presented in the solution based on the input values of stability
constants and the initial concentrations of the components (in the
case under consideration, Cu(ClO4), as a source of copper(Il) ions,
and NEt4Cl as a source of chloride ions).

For steady-state photolysis of copper(Il) acetonitrile solutions,
continuous laser irradiation at 266, 308, 325, 405, and 489 nm
wavelengths was used. About 3 ml of the copper(Il) solutions in a
1cm x 1 cm x 4 cm quartz cuvette with the absorbance greater than
2 attheirradiation wavelength were photolyzed for 10-120 min. To
remove dissolved atmospheric oxygen, the solutions were purged
with argon for 1 h. The photoreduction quantum yields were deter-
mined by measuring the copper(Il) concentration before (Cy) and
after (C(t)) exposure to the laser light using the procedure in which
1ml of the 200mM NEt4Cl solution was added to 0.1 ml of the
analyzed solution to convert all copper(ll) into CuCly2~, which
absorption spectrum in was measured a 1cm cell. The concen-
tration change plotted versus the irradiation time was fitted by a
linear function to determine the rate of the copper(Il) concentration
decrease, AC, (C(t)=Co — ACt). Copper(Il) perchlorate (0.1-10 mM)
solutions in acetonitrile were used for calibration procedure (Fig.
6S, Supplementary materials). The 408-nm absorbance depended
linearly on the copper(Il) concentration and was not affected by
the addition of copper(I) (up to 10 mM). Photon flux F (in mols~!
units) at the irradiation wavelength A was determined from the
laser power P(measured using an UNO laser power meter, STANDA)
according to the equation:

_ P
- hCNA ’

where h is the Planck constant, c is the speed of light in vacuum, N4
is the Avogadro number. The copper(Il)-to-copper(I) photoreduc-
tion quantum yield was calculated as D¢y, cyry = ACV/F, where
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Figure 1. Steady-state absorption spectra of the individual copper(Il) chlorocom-
plexes, CuCl,2-", where n=0-4, in acetonitrile.

V is the sample volume (3 x 10~3 L), A is the rate of the copper(Il)
concentration decrease, and F is the photon flux.

The transient absorption spectra were measured using the
experimental set-up based on regeneratively amplified Ti: sapphire
laser system (800 nm, 1 kHz) described previously [30,34]. An opti-
cal parametric amplifier (OPA) was used to generate 266, 310, 420,
490-nm excitation (‘pump’) pulses with energies of 7, 7, 9, and
5.4 u] pulse~1, respectively. Optical pulses from by another OPA or
white-light continuum were used for probing in the 210-384 nm
and 340-760 spectral range, respectively. The probe light was
focused onto the sample to a 160-pm diameter spotand overlapped
at an angle of 6° with the pump light focused to a 460-p.m diam-
eter spot. The polarization of the pump and probe light was set at
the magic angle (54.7°) with respect to each other. The solutions
were circulated through a 0.2-mm Spectrosil UV quartz flow cell.
The UV-vis—-NIR-IR absorption spectra were measured using a Var-
ian Cary 50 UV-vis, a Perkin Elmer Lambda 750 UV-vis-NIR, and
a Perkin Elmer Lambda 1050 spectrophotometer. All experiments
were performed at 21 °C.

3. Results and discussion

In the present work, we selectively photolysed three charged
copper(Il) chlorocomplexes: [Cu(MeCN)sCI]*, [Cu(MeCN)Cl3]~, and
[CuCl4]?~.1tis well known thatin acetonitrile, copper(Il) ions form a
[Cu'(MeCN)4]?* solvatocomplex [35,36]. Upon addition of chloride
ions, the formation of [Cu''(MeCN),4_,Cl; ]2 (n=1-4) chlorocom-
plexes takes place, according to Scheme 1.

Thereafter, solvent molecules will be omitted for clarity. Cop-
per(Il) chlorocomplexes with different number of chloride ligands
have different UV-vis absorption spectra [37]. We measured the
absorption spectra from 220 to 2680nm of a set of 15 solu-
tions containing 10 mM Cu(ClO4);-200mM (NEt4Cl, NEt4ClOy),
where the concentration of NEt4Cl, the source of chloride ions,
was varied from 0 to 200 mM (Fig. 1S, Supplementary materials),
to obtain the absorption spectra of the individual chlorocom-
plexes in a wide spectral range and clarify the overall stability
constants derived by Ishiguro and co-workers [37] using a much
narrower range of wavelengths. Having performed the analysis of
the measured spectra using ReactLab EQUILIBRIA software [32], the
absorption spectra of the individual chlorocomplexes (Figure 1)
and the overall stability constants in acetonitrile (8; =3.4 x 108,
Br=43x1013, B3=2.8x10%2, and B4=5.1x 102°) were deter-
mined, close to values obtained by Ishiguro and co-workers

[Cu(MeCN),J*" + nCl" & [Cu"(MeCN)4nCL]*™ + nMeCN (n =1 - 4)

Scheme 1. Equilibrium processes of copper(Il) chlorocomplexes in acetonitrile.
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Table 1

Copper(Il)-to-copper(I) photoreduction quantum yields for different copper(Il) chlorocomplexes in acetonitrile.

Excited complex Solution composition

Excitation wavelength

Quantum yield aerobic Quantum yield anaerobic

(nm) (%) (%)
CuCl* 10mM Cu(ClO4), 266 45+0.7 45+0.7
5mM NEt,Cl 308 52+0.7 6.2+0.7
CuCl3~ 3mM Cu(ClO4), 266 1.4+04 1.0+04
9mM NEt,Cl 325 1.3+04 1.3+04
489 1.3+04 1.7+04
CuCly?~ 1 mM Cu(ClO4); 308 0 0
200 mM NEt,Cl 405 0 0

(B1=5.7x10%, B=23x10'7, B3=3.1x10%2, and B4=2.8 x 10%°)
[37].

The equilibrium concentrations of the copper(Il) chlorocom-
plexes are generally determined by the initial concentrations of
copper(Il) and chloride ions (Scheme 1). Optimal initial concentra-
tions of copper(Il) perchlorate and tetraethylammonium chloride
needed for the predominant preparation of CuCl*, CuCls3~, or
CuCl42-, and the relative concentration of the specific individual
chlorocomplex in acetonitrile were estimated using the ‘Medusa’
software [33]. In three solutions selected: 10 mM Cu(ClO4); - 5 mM
NEt4Cl, 3mM Cu(ClO4); - 9mM NEt,4Cl, and 1mM Cu(ClO4), -
200mM NEt,Cl, CuCl*, CuCl;—, and CuCly?~ were the dominat-
ing complexes, which were then excited at 266 and 308 nm, 266,
325, and 489 nm, and 308 and 405 nm, respectively. CuCl, was not
studied as it was not possible to make a solution with CuCl, as
the dominating form (Fig. 2S). The aforementioned solutions were
photolyzed in the presence (aerobic conditions) and the absence
(anaerobic conditions) of dissolved atmospheric oxygen for the
determination of the photoreduction quantum yield. The change
of copper(Il) concentration as a result of the irradiation, calibra-
tion concentration measurements are shown in Figs. 35-6S and the
obtained quantum yields are summarized in Table 1.

For all complexes studied, the copper(Il) photoreduction quan-
tum yields do not depend either on the wavelength or the presence
of oxygen. Our results are thus in disagreement with those of
Cervone et al., who found the quantum yields to be significantly
affected by the presence of oxygen [25]. A possible reason of this
disagreement is the method of the copper(Il) concentration quan-
titative analysis in the abovementioned work [25]: ‘The amount
of photoreaction was determined by the change in optical density
of the peak of the lowest energy intense band, which is located
very close to 460 nm for any [Cu(II)]/[Cl~] ratio.’ In fact (Figure 1
and Ref. [37]), the spectral shape strongly depends on the concen-
trations of the copper(ll) and chloride ions, and some complexes,
e.g. CuCl* and CuCl42~ have no absorption at 460 nm. Moreover,
the authors did not demonstrate the correlation between the cop-
per(Il) concentration and the absorbance at 460 nm. The lack of
the dependence of the copper(Il) photoreduction quantum yield
on the irradiating wavelength may be evidence for fast internal
conversion in the nascent LMCT state, which leads to a popula-
tion of the lowest energy LMCT state followed by dissociation of
the complex to form a copper(I) complex and a chlorine atom. The
copper(Il) photoreduction quantum yield is measured to be about
5 and 1.5% for CuCl* and CuCl3~ complexes, respectively, whereas
CuCl42- is found to be photostable. To gain further understanding
of the of the copper(Il) photoreaction, we performed femtosecond
time-resolved transient absorption experiments to observe initial
steps of this reaction (Figure 2).

In transient absorption (AA) experiments, the solution com-
positions and excitation wavelengths used was kept similar to
those in the photoreduction quantum yield measurements, Fig.
10S. The AA spectra measured at 500fs and 1 ns after excitation

of the CuCl*, CuCl3~, and CuCly2~ complexes into their LMCT
states are shown in Figures 3-6. The full set of the AA spec-
tra are given in Fig. 7S-9S. The AA spectrum interpretation is
hindered by the fact that the absorption spectra of possible photo-
products, a copper(l), [Cul(MeCN)4]* solvatocomplex (thereafter,
abbreviated as Cu*) and a CI*CH3CN charge-transfer complex
(CTC, free chlorine atoms absorb <190 nm) are not known. The
absorption spectrum of the Cu* species (a very intense band
peaking at 209nm with €¢=19800M-!cm~! and a shoulder at)
230nm) was determined from UV-vis absorption measurements
of tetrakis(acetonitrile)copper(I) perchlorate (3 mM) dissolved in
deoxygenated acetonitrile. To determine the absorption spectrum
of the CI*CH3CN CTC species, we measured the AA spectrum 500 ps
after 266-nm photolysis of acetonitrile solutions of chloroace-
tone, a precursor for photochemically produced chlorine atoms,
which is the approach we used previously for CT between chlo-
rine atoms and methanol [30]. The broad 320-370 nm AA band is
similarly assigned to the absorption of the MeCN*Cl CTC species
(we assumed that the extinction coefficient at the absorption max-
imum is 4000 M~! cm~1, that is of the same amplitude reported for
CI*H,0 [38] and CI*MeOH [30] CT complexes, Fig. 11S).
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Figure 2. Top-to-bottom: absorption spectra (solid black lines) of three solutions
with different proportions of Cu(ClO4); and Net4Cl used for the photoreduction
quantum yield measurements. The dashed lines show the best fits of these spectra
to a sum of the absorbances of the chlorocomplexes, which individual contributions
are shown by solid colored lines. The legend display the fractional concentration
distributions of the individual copper(Il) chlorocomplexes. The arrows indicate the
excitation wavelengths used in the experiments.
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Figure 5. 500-fs (A) and 1-ns (B) transient absorption spectra of a 10 mM Cu(ClO4),
- 200 mMNEt,Cl acetonitrile solution upon 420-nm excitation. The CuCl42~ complex

Figure 3. 500-f5 (A) and 1-ns (B) transient absorption spectra of a 50 mM Cu(ClO4), is predominantly excited. The estimated ground-state bleach amplitudes are marked

- 25 mMNEt4Cl acetonitrile solution upon 266-nm excitation. The CuCl* complex is

predominantly excited. The black arrows mark the estimated amplitudes of ground-
state bleach.

by the black arrows.
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Figure 4. 500-fs (A) and 1-ns (B) transient absorption spectra of a 0.7 mM Cu(ClO4);
- 2.1 mMNEt4Cl acetonitrile solution upon 490-nm excitation. The CuCl32~ com-

plex is predominantly excited. The black arrows mark the estimated amplitudes of
ground-state bleach.

Having obtained the photoproduct absorption spectra, it is now
possible to assign the AA spectra of CuCl*, CuClz~, and CuCly2~
in Figures 3-6. The positive 500-fs 220-250 and 320-400 nm
AA signals upon 266-nm excitation of CuCl* can be assigned
to, respectively, the absorption of the Cu(l) solvatocomplex and
the superimposed absorption of the CI*MeCN CT species and the
CuCl* complex in the vibrationally excited ligand field (LF) excited
and ground states. This assignment is made by analogy with the
previously discussed photochemistry of CuCl* in methanol [30].
The negative 500-fs 285-nm AA band is due to bleaching of the
ground state absorption of CuCl*. The 1-ns AA spectrum can be
satisfactorily fitted to a sum of the absorption spectra of ionic dis-
sociation products (Cu2*) radical dissociation products (Cu* and
Cl*MeCN CTC), and the parent complex (CuCl*, the latter spectrum

Figure 6. 500-fs (A) and 1-ns (B) transient absorption spectra of a 10 mM Cu(ClO4);
- 200 mMNEt,Cl acetonitrile solution excited at 310 nm. The CuCl42~ complex is

predominantly excited. The estimated ground-state bleach amplitudes are marked
by the black arrows.

contributes as ground-state bleach, and therefore, is inverted).
Based on the fit, we found that at 1ns, CuCl* radical (Cu* and
Cl-MeCN CTC) and ionic (Cu?* and Cl~) photodissociation products
are formed in a ratio 3/2. Comparing the negative amplitudes in
the 500fs and 1 ns AA spectra, one notices that the latter is about
three times smaller than the former. Under the assumption that
the 500-fs negative AA band is solely due the initial excitation-
induced depopulation of the ground state of CuCl*, one can crudely
estimate that of all complexes excited to the LMCT state, about 20%
dissociated into Cu* + Cl* and13% dissociated into Cu?* +Cl~ at 1 ns
after excitation, whereas the remaining 67% underwent internal
conversion to the ground state.

The broad 500-fs AA spectrum of CuCl;~ upon 490-nm excita-
tion can be interpreted as the absorption of the vibrationally hot LF
excited and the ground states superimposed with the ground-state
bleach and the absorption of the dissociation products. The 1-ns
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AA spectrum is best fitted to a sum of the absorption of the parent
CuCl3~ complex (bleach, the negative sign) and ionic dissociation
products (a Cu'lCl, complex) according to the following equation:
AAins(A) = k*(0.7¢[cuc,(A) — 8[CuC13]‘()‘))' where AAq,s(A) is the
1-ns AA spectrum, €(cyci,)(+) is the extinction spectrum of Cu''Cl,
E[Cu,:13]—()») is the extinction spectrum of CuCl3~, and k is the scal-
ing factor. Other possible photoproducts, such as CI*'MeCN CT and
CulCl,~ complexes, absorb in the UV region outside the studied
spectral range. The best fit demonstrates that 70% of the dissocia-
tion outcomes resultin the ionic products (Cu''Cl, + Cl~). The radical
dissociation products (Cu!Cl,~ +Cl*) are probably responsible for
the remaining 30%. Taking into account the relative amplitude of
ground state bleach at 500fs and at 1ns, which is 15/1, we esti-
mated that of all CuCl;~ excited into the LMCT state, 5% dissociated
into Cu''Cl, and Cl~ and 2% dissociated into Cu!Cl,~ and CI* at 1 ns,
whereas the remaining 93% underwent internal conversion to the
ground state. As in the case of CuCl* discussed above, internal con-
version in CuCl3~ involves the relaxation to the vibrationally hot
ground and LF excited states.

For CuCls?~ upon 310- and 420-nm excitation, the 500-fs
AA spectra have the same spectral shape, as well as 1-ns AA
spectra. The 500-fs AA spectra are dominated by the excited-
state absorption of vibrationally hot LF state superimposed with
ground-state bleach [39]. The 1-ns AA spectra obey the following
relationship: AAips(A) = k*(S[Cqu]’()‘) - S[Cucmz,(k)), where k is
the scaling factor, g[cyci3) - is the extinction spectrum of CuClz~,
and €lcucly (A)is the extinction spectrum the parent CuCl42~ com-

plex, which implies that CuCl42~ has only one dissociation channel
and that leads to the formation of the Cu!lCl;~ and Cl~ ionic prod-
ucts. Taking into consideration the relative amplitude of ground
state bleach at 500fs and 1 ns upon 420- and 310-nm excitation,
which is 8/1 and 3/1, respectively, one may conclude that about
3% (420nm) and 12% (310nm) of the CuCl42~ LMCT population
undergo ionic dissociation to Cu'Cl;~ and Cl~. The different rela-
tive yields for the different excitation wavelengths indicates that
ionic dissociation occurs from the different LMCT excited states,
and that LMCT states lying at higher energies dissociate more effi-
ciently. The remaining LMCT population returns back to the ground
state via internal conversion.

Copper(Il) complexes are labile, i.e. are characterized by large
ligand exchange rates [40-43], and the ionic products are expected
to recombine after some time to reform the parent complexes.
Therefore, the quantum yields of the primary ionic dissociation

reaction cannot be reliably determined using steady-state methods
alone. A fraction of the radical products may reform the par-
ent complex on a long (>1ns) timescale, whereas the remaining
fraction may react with other compounds present in solution
[21-26]. Possible recombination of the radical products after 1ns
and assumptions made when estimating the ground-state bleach
amplitudes in the 500-fs and 1-ns AA spectra allows us to compare
the transient absorption and steady-state photolysis results only
qualitatively. Both methods suggest that the copper(Il) photoreduc-
tion efficiency decreases in the series: CuCl* > CuCl3~ > CuCl42~. The
redox potential, as shown in Supplementary Materials, decreases
in the Cu2*>CuCl* > CuCl, > CuCl;~ > CuCly?~ series, which is the
trend coincident with the copper(ll) photoreduction efficiency.
Therefore, the ionic dissociation products are probably formed
directly from the LMCT excited states as well as via electron transfer
in a radical pair (through oxidation of a copper(l) complex fragment
by a chlorine atom fragment).

4. Conclusions

The photochemistry of three copper(ll) chlorocomplexes in
acetonitrile, [Cu(MeCN)3CI]*, [Cu(MeCN)Cl3]~, and [CuCl4]?~ (for
briefness, CuCl*, CuClz~, and CuCl4?~; the general formula
[Cu'Cl,]2~", where n=1, 3, and 4) is studied by the combination
of the steady-state photolysis and ultrafast transient absorption
methods enabling us to reveal the main relaxation pathways
of the initially excited ligand-to-metal charge transfer (LMCT)
state, Figure 7. A major fraction of the LMCT-excited chloro-
complexes returns back to the original ground state via internal
conversion, which involves the relaxation to the vibrationally
hot ground and LF excited states. A minor fraction of the LMCT
excited chlorocomplexes dissociates forming either ionic prod-
ucts without photoreduction of copper(Il), [Cu''Cl,_;]>~" +Cl~, or
radical products with photoreduction of copper(Il) to copper(l),
[CulCl,_1]2~"+Cl*. The ionic dissociation occurs from the differ-
ent LMCT excited states, whereas the radical dissociation mainly
originates from the lowest-energy LMCT excited state. The ionic
dissociation products recombine back to the original complex due
to high lability of the copper(Il) complexes. The radical dissocia-
tion products recombine back to the parent complex only partially.
However, a fraction of the radical dissociation products under-
goes further reactions, e.g. with the solvent molecules, resulting in
long-lived photoreduction products, which include copper(I) com-
plexes. The copper(II)-to-copper(I) photoreduction quantum yields
are defined by the initial, presumably ultrafast, photolysis steps
and are not affected by the presence of oxygen. Thus, CuCl* has the
photoreduction quantum yield of ~5%, which corresponds to the
radical dissociation product yield of ~20% at 1ns, both yields are
the largest in the investigated series. CuCl3~ has the photoreduc-
tion quantum yield of ~1.5% and the radical dissociation product
yield of ~2% at 1 ns. CuCl42- is found to be photostable, which is in
agreement with the ultrafast spectroscopy results, which indicate
the presence of a single ionic dissociation channel.
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