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A detailed study has been undertaken of the gas-phase chemistry ob@iéH and [Cu(NH)\]?" complexes.

lon intensity distributions and fragmentation pathways (unimolecular and collision-induced) have been recorded
for both complexes out as far &= 20. Unimolecular fragmentation is dominated by Coulomb explosion
(separation into two single charged units) on the part of the smaller ions, but switches to neutral molecule
loss forN > 7. In contrast, collisional activation promotes extensive electron capture from the collision gas,
with the appearance of particular singly charged fragment ions being sensitive to the size and composition of
the precursor. The results show clear evidence of the unit [G]#(>X®eing of special significance, and it is
proposed that the hydrogen-bonded structure associated with this ion is responsible for stabilizing the dipositive

charge on C#r in aqueous solution.

Introduction

The wealth of recent publications on the static and dynamical
behavior of C&" in water and other solvents provides testament
to the significance of this cation in both chemistry and
biochemistry. Theory® and experimefit!! have sought to
explore the immediate environment of the metal dication, and
in particular to establish the configuration and coordination
number of the first solvation shell. However, despite this high
level of activity, there still remains considerable uncertainty as
to the precise number of water molecules surrounding Cu(ll)
when in solution. The source of the problem is the Cu(R) d
electron configuration and the possibility that Jafireller
distortion will deform the regular octahedral solvent geometry
routinely attributed to transition metal ions in aqueous soluion.

ammonia also showed that [Cu(Mg]?" was at least a factor

of 2 more intense than any of its nearest neighbbBoth these
observations were subsequently interpreted byc@e et al*
using density functional theory, which showed that in the lowest
energy configuration four water molecules coordinate directly
to the metal cation in a structure, that because of Jdttier
distortion, is square-planar. A further four water molecules then
occupy hydrogen-bonded sites whereby each additional molecule
forms two hydrogen bonds with adjacent molecules on the
square-planar ring. The stable arrangement of molecules ob-
tained by Beces et aP* is reproduced in Figure 1. For [Cu-
(H20)g]%" this structure proved to be far more stable than if
two of the molecules are assigned to axial sites on the central
Cu?t ion. For [Cu(NH)g]?" differences in energy between a

An alternative approach to the condensed phase is to examinaange of equatorial hydrogen-bonded structures and those that
the development of solvent structure surrounding metal cationsincluded molecules in axial positions, were calculated to be

in the gas phas® A number of years ago, we produced the
first mass spectrum confirming that stable [CeChN]2"
complexes could be generated in the gas pk&Beior to that

much smaller than for watéf.Both theory3 and experimeit
would suggest that JahTeller distortion has a significant
destabilising influence on the development of solvent structure

observation, there had been a suggestion that to stabilize thesurrounding CRt. The fact that [Cu(NH)s]2* can adopt the

Cu?t cation with water would requirél to be at least 15 in
order to suppress any tendency to undergo immediate charg
transfer to give Ct.1® The latter process being driven by the
large difference+{8 eV) in ionization energy between Cand

water. Since that first experiment, several groups have shown
that it is possible to generate and observe metastable [Cu-

(H20)n]%" complexes down tdN = 1,16-18 and the gas-phase
chemistry of C&" has been studied in conjunction with a wide
range of atomic and molecular species, many with ionization
energies considerably lower than that of wafef3

structure shown in Figure 1 is particularly interesting because

8t means that those nitrogen atoms that participate in hydrogen

bonding become five-coordinate. The appearance of a com-
paratively intense ion corresponding to [Cu(g]?"™ was
subsequently verified by Stone and VukomandViclhese
authors used electrospray, which is a significantly different
approach to the pickup technique that had previously been used
to generate the ion.

For both [Cu(HO)\?" and [Cu(NH)N]2", the gas-phase

Possibly the most interesting result to emerge from those experimental work presented thus far has been very preliminary.

preliminary experiments on [Cu@®)y]?" complexes was the
observation that the ion with the highest relative intensity
contained eight water molecul&5A later experiment using
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Apart from intensity distributions, there has been no additional
experimental data presented to support the conclusion that units
containing eight molecules are significantly different from their
immediate neighbors. The purpose of this paper is to address
that issue and present the results of a comprehensive experi-
mental study of the physical and chemical behavior of [Cu-
(H20)N]?" and [Cu(NH)N]2" ions forN < 20.
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Figure 1. Structure proposed for [Cu@®)s]?", which has been adapted 24 Aaaaa a, 0-0-0.5 0u- 2
from the calculations of Bees et a* AMaaaan . ¢
1+ AL-AA L AaA
Experimental Section -
The experimental setup has been described in detalil else- L
where?6 Copper pieces were placed in an effusive source (DCA o o N -
Instruments) and held at a temperature of 1280 to yield Figure 2. Distribution of relative intensities recorded for [Cu®In]>"

ions as a function oN. Data are shown fof3Cu and®Cu, together

102 X . .
10™* mbar of copper vapor. This region was crossed with a with a weighted average of the two separate measurements.

neutral beam of mixed liganeargon clusters (LArn), which
were formed by the adiabatic expansion of a vapor/argon
mixture through a pulsed supersonic nozzle. For ammonia the
vapor came from a mixed argon/ammonia cylinder containing A. Signal Intensities and Fragmentation Patterns of [Cu-
1% NHs and for water, argon was passed through a reservoir (H20)n]?" Complexes Figure 2 shows an intensity distribution
containing water held at a room temperature. The clusters passedecorded for [Cu(HO)]?* complexes plotted as a function of
throug] a 1 mmdiameter skimmer into the path of the metal N, where the Shape confirms earlier measurements ShOWing [CU'
vapor, where the mixed solvenargon clusters could pick up ~ (H20)g]*" as being a particularly intense combination ofCu
Sing|e copper atoms. On|y rare|y are metal dimers dete&cted. with water4 Also present in the earlier data was a local intensity
The neutral clusters then entered the ion source of a high-maximum at [Cu(HO)J*" and this can also be seen in
resolution doub|e_focusing mass spectrometer (VG ZAB_E) Figure 2, where the result is reproduced Using both iSOtOpeS. In
where they were ionized by electron impact at 100 eV and their calculations on [Cu(¥D)n]** complexes, Beees et ak?
extracted from the source with an acceleration voltage of 5 kv. noted that the four-molecule water structure adopted a stable
In conjunction with the thermal pickup process, ionization is Sduare-planar configuration; in contrast, their calculations on
thought to cause complete evaporation of the rare gas atomghe corresponding ammonia complex showed the four-molecule
from the clusters (no ions of the form [CuflAry]?* are structure to be nonplanar and, as a consequence, less stable. As
detected’ but [CUN]2+ Comp|exes are seen if the expansion will be shown beIOW, there is no eqUiValent local maximum
consists of pure argoRj.Previous experiments have indicated for [Cu(NHs)s]*" in the intensity data recorded for €u
that the presence of rare gas atoms is an essential part of théimmonia clusters.
pick-up proces&?’ 1. Unimolecular DecayMeasurements on size-selected [Cu-
A shutter situated at the top of the oven provided an (H20)]*" cations showed the unimolecular loss process
unambiguous assignment of signals due to metal-containing
species, and values recorded for parent ion intensities represent [Cu(H,O)]*" — [Cu(H,0)\_,)*" + H,O 1)
differences between signals measured with the shutter open and
closed. Such a procedure is necessary, as nonmetallic ligando be present foN > 6. The base pressure in the flight tube of
clusters can dominate the total ion signal. Reaction productsthe mass spectrometer was maintained at approximately 5
from both the unimolecular and collision-induced dissociation 108 mbar, and under these circumstances, the time scale for
(CID) of size-selected complexes were identified by systemati- unimolecular decay (f3—10"* s) of the ions is determined
cally scanning the voltage of the electrostatic analy?es; by residual energy remaining after electron impact ionization.
procedure that results in a mass-analyzed ion kinetic energylt is assumed that fragmentation patterns recorded in this way
(MIKE) spectrum. For the purposes of promoting CID processes, can reveal stable structures that are independent of any perturba-
the background pressure in a cell situated next to the singletions that may occur during the preparation of complexes, for
focusing slit in the second field free region of the mass example, fluctuations in the gas mixing and expansion process
spectrometer was increased~d.0~® mbar through the intro-  or changes in the settings used for the ion source. The results
duction of xenon. of studying reaction 1 are shown in Figure 3 and display several
This series of experiments has benefited from recent im- interesting features. First, there is no evidence for unimolecular
provements in resolution and sensitivity that have been madefragmentation belovN = 7, and even for that ion the signal is
to the mass spectrometer. Of particular significance to the resultsextremely weak. Such behavior is unusual; many of the ion
presented here is the ability to distinguish between electron complexes studied previously have exhibited unimolecular decay
capture processes, where a dication can acquire an electron frondown toN = 3 or 4, at which point charge transfer followed
the collision gas, and Coulomb explosion, where a dication by Coulomb explosion begins to domin&teHowever, Cé+
fragments into two singly charged unffsPrevious studies have  does have the highest electron affinity of any of the metal
assumed fragmentation to be dominated by the latter. lon dications found to be capable of forming stable complexes with
intensity measurements were made using 5é@u and%Cu water. Previous experiments with Ag which has an even
and presented as a weighted average. All other experimentsarger electron affinity8 failed to produce [Ag(HO)\]2" ions.
involving size-selected complexes have been conducted usingConfirmation of a switch in fragmentation pattern on the part
the 83Cu isotope. of smaller [Cu(HO)N]?" ions is given below where further

Results and Discussion
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0.030 The peak has the characteristic dish-shaped profile associated
1 . with rapid decay accompanied by a substantial release of kinetic
0.025 energy (~1.8 eV). Similar, but far weaker profiles were recorded
] (“Cur,0),1" ' for N = 7 and 8, with the latter being considerably less intense
. 0020 —*— Deaughtcr}/[Precuscd] ratio B than the product arising from reaction (1). The observation of
Z : \ metastable Coulomb explosion on the part of ions as large as
£ 00154 [Cu(H0)g]?" is very unexpected; previous examples having
2 ] been confined to complexes containing three or four solvent
S oot — molecules’! However, the pattern does fit with the data given
= ; in Figure 3 and with the trend seen in earlier results for [Mg-
0.005 - (NH3)n]2T, which is that, as\ decreases, Coulomb explosion
takes over once neutral loss (reaction (1)) ceases to be
0000 ———— . observed! A simple Coulomb potential calculation: R/

1234567809101 21514151617 18152 2l 14.4/T, using the kinetic energy relea3g yalues given above,
N shows an upper limit to the initial separation of the two positive
Figure 3. Relative intensity of the ionic fragment following the  charges in both [Cu(}0)s]>t and [Cu(HO)g]?t as 7.9 A. Such
unimolecular loss of a neutral water molecule from each size-selected g distance is slightly longer than would normally be attributed
[Cu(HO)*" fon. The measurements are plotted as a functioN.of {4 the formation of a salt bridge between primary and secondary
; . . ’ ’ shell water molecules prior to fragmentati&rHowever, if some
- ["Cu(H,0))" —= CuOH (H,0), + H,0 H,0 fraction of the Coulomb energy were to be dissipated into
1 vibrational excitation of the reaction products, then charge
4 separation could have been initiated at a distance shorter than
] 79 A
- 2. Collision- and Electron Capture-Induced Fragmentation.
] Additional studies of fragmentation in [CugB)\]?" have been
- conducted using collisional activation via the introduction of
] xenon 1078 mbar) into a gas cell located close to the focal
4 point of the magnet in the second field-free-region of the sector
] mass spectrometer. In the interpretation of many earlier experi-
4 18ev| | ments it has been assumed that all charge reduction processes
proceed via charge transfer and that any spread in laboratory-
: : : : , : , , frame kinetic energy?-23which is a signature of such reactions
7700 7800 7900 8000 (see above), was due to Coulomb explosion. However, recent
Laboratory-frame kinetic energy / eV experiments conducted on [Mg(NJ{]?" ions have highlighted
Figure 4. Kinetic energy profile recorded following the metastable the importance of electron capture as a charge reduction
unimolecular decay offfCu(H0)s]?* to produce®*CuOH"(H,0)s + mechanism in dication complexes that undergo collisions at high
HsO*H-0. The peak shape is indicative of Coulomb explosion. relative velocitie$! Coupled with improvements in instrumenta-
tion, these experiments have also revealed that many of the
broad peaks seen in previous experiments are in fact composite,
and that interaction with a collision gas can lead to one or both
of the following electron capture dissociation (ECD) processes
being observed:

Relative intensity

discussion on this topic is presented. Comparing the datd for
= 8 and 9; the results show that [CuBl)g]?* readily loses a
water molecule, but that the comparatively more intense [Cu-
(H20)g]?" ion is much less reactive (via reaction 1). This type
of behavior has been used in the past to rationalize intensity
data, such as that shown in Figure 2, in terms of the appearance ot . i

of stable structure® In this case, the intensity of [Cug®)g|2* M(H,O)\"" + Xe— M7 (H,O)y—« + KH,O + Xe™ (3)

would increase at the expense of facile fragmentation by larger P . +
complexes and, at the same time, [Cp@]?>" would be [M(HO)™" + Xe—MOH " (H0)y ¢, + KH O+ H+

reluctant to fragment further. However, the high intensity of Xe" (4)
[Cu(Hx0)g]?+ could also be accentuated by the instability of
complexes containing fewer than eight molecules. M is a metal dication and typically starts at 1, but can be

An alternative decay route open to multiply charged com- zero under certain circumstances. As far as efficient electron
plexes is one where unimolecular fragmentation is accompaniedtransfer is concerned, signal intensities for electron capture from
by charge separation, and examples of such behavior have beefhose gases examined have been found to follow the order Xe
reported earlier in experiments on [Mg(MK]%".3! In such >> N, ~ O, >> He3! This trend correlates, more or less,
cases, the ions are metastable with respect to crossing onto avith ease of ionization of the collision gas; however, it may be
repulsive potential energy curve that leads to Coulomb explo- possible that polarization is also important if the difference in
sion. Since the latter step is more or less instantaneous,behavior between xenon and oxygen is to be explained. The
metastability on a time scale of 10— 10 s is derived from cross-section for either of the above processes is sufficiently
a combination of the probability of curve crossing and the large that signals recorded at a background pressurel 6f7
probability that sufficient energy will appear in a reaction mbar (of Nb) frequently include a residual contribution from
coordinate that intersects with the Coulomb energy curve. electron capture. Depending on the value Mfthe above
Figure 4 shows an example of unimolecular charge separationreactions were also found to be accompanied by contributions
(UCS) which involves [Cu(k)e] 2" undergoing the processes  from collision-induced Coulomb explosion.

- N As an example of the variety of fragmentation processes
[Cu(HO)l”" — CUOW(Hzo)a +HOHO  (2) observed in the [Cu(¥D)n]%" system, Figure 5 shows the result
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Figure 6. Expanded views of selected sections of Figure 5: (a)

highlighting the products of electron capture; (b) the products of electron
capture and Coulomb explosion.

of a MIKE scan undertaken on [CufB)e]2" in the presence
of xenon as a collision gas. In addition to a single narrow pea
due to reaction (1) there are three peaks that correspond to

variety of charge reduction processes. Expanded views of two
of the peaks, which were recorded at a slower scan speed, ar

given in Figure 6. Figure 6a shows what is clearly a composite

peak and the similarity in shape between individual peaks and
those identified previously, leads us to believe that they are due

to ECD in the form of

[Cu(H,0)g]*" + Xe — Cu"(H,0), + 4H,0 + Xe" (5)
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Figure 7. Same as for Figure 5, but fof3Cu(HO)g]?".

and

[Cu(H,0)¢*" + Xe — Cu*OH(H,0) + 4H,0 + H + x?g)

Compared with 6a, the peak profile shown in Figure 6b is quite
different in shape, but is still believed to include contributions
from the ECD steps

[Cu(H,0)*" + Xe — Cu*(H,0), + 2H,0 + Xe* (7)
and

[Cu(H,0)d*" + Xe — Cu"OH(H,0); + 2H,0 + H + xg)

Removing the collision gas and repeating the scan (Figure 4
above) reveals an underlying dish-shaped peak that has already
been attributed to metastable Coulomb explosion on the part of
[Cu(Hx0)e]2" undergoing reaction 2. Referring back to
Figure 6b, the additional intensity compared with Figure 4,
would suggest that the former also includes contributions from
collision-induced as well as metastable Coulomb explosion.
Figure 7 shows a complete MIKE scan recorded following
the collisional activation of [Cu(kD)s]?*, which exhibits many
features in common with Figure 5, the scan for [Ca@hs]>.
An expansion of th& = 3 peak in Figure 7 shows components
that can be resolved quite clearly into features attributable to
reactions 3 and 4. Removal of the collision gas also reveals a
very weak dish-shaped peak, which again can be assigned to
metastable Coulomb explosion, with [CuB)s]2" undergoing
charge separation to form COH(H,O); + H3O*(H,0)s.
However, when comparing Figures 5 and 7 in detail, a
significant change in behavior can be seen: located at 8212 eV
in Figure 7 is a peak showing CuGH,0)s as the sole product
of ECD, which contrasts with the composite peaks seen as
fragments from [Cu(kD)s]?" (and smaller complexes). A
comparable fragment ion is also seen in the MIKE scan of [Cu-

K (H0)7] 2+ and corresponds to the appearance of Cti(Bti0),
4rom reaction 4 with the complete absence of any contribution

rom reaction 3. This pattern of behavior marks a significant

écurning point in the distribution of product ions from ECD.

omparing the fragments €(H,O)y and CuOH (H,O)u-1
from ECD, wherM is <4 the dominant fragment is C(H,0)v
and wherM > 4, the hydroxyl product is by far the more intense
of the two product ions; in fact whevl is >8, which is seen as
a product folN > 13, the hydroxyl form is the only type of ion
observed in the larger fragments. At the other extreme, the CID
of [Cu(Hx0);]?" gives Cu'(H20) as the only fragment and the
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Figure 9. A plot of K against precursor complex siz¢, whereK is

the minimum number of water molecules lost following the electron

capture-induced dissociation (ECID) of each size-selected [f)(fH+
and [Cu(NH)N]*" complex.

Duncombe et al.

shell all display the same critical sizK & 2) for the onset of

a stable electron capture product. For e= 2 series, the
largest observed ECD fragment is CuH,O)s, which could

be seen as a stable primary-shell product emerging from a stable
secondary-shell precursor. Figure 9 shows a further significant
step K = 3) with [Cu(H0)13]%" becoming the next critical size

of precursor ion; a possible structure for the latter might have
the 2-D network shown in Figure 1, but extended through the
addition of four further hydrogen-bonded water molecules and
the final molecule then occupying one of the Jafieller
distorted axial sites. The fact tha remains fixed when
associated with molecules in particular sites suggests that a
limited amount of excess energy is available to promote
dissociation following electron capture.

There are several aspects to the results presented here for
[Cu(H0)\]? complexes that warrant further discussion. First,
there are differences between the fragmentation patterns seen
here and those given previously by Stone and Vukomanovic in
their study of the dissociation of [Cu®)\]2" complexes at
low collision energieg® These authors observed only CuGH
(H20)m fragments as opposed to the latter plus EO)y seen
here. In addition, Stone and Vukomanovic also observed the
complementary H(H,O)p ions up toP = 4.25 Absence of the
latter in our experiments is not unexpected,; first, these fragment
ions are comparatively light and so could be lost through
instrumental discrimination, and second they are not a product
of electron capture and the reaction steps that do generate them,
e.g., reaction 2, give very weak signals. For the most part, the
different patterns of behavior can be explained by the energy
dependence of the electron capture cross-section; for an increase
in center of mass collision energy of 2 orders of magnitude, an
electron capture cross section can also increasel®p3* Since
electron capture cross-sections are very much larger than those
for collisional activation, the former process results in far less
scattering of ions. Therefore, instrumental discrimination, which
has a significant influence on our ability to detect fragment ions,
is kept to a minimum.

What is less clear is why electron capture yields both CtOH

very small spread in laboratory-frame kinetic energy present in (H20m and Cu'(H,O)w fragments? Part of the answer to this
the peak, would suggest that this ion is the product of ECD via guestion may lie in the relative binding energies of the hydroxyl

reaction (3). Figure 8 shows a MIKE scan recorded for [Cu- 9roup and water to Cu In their study of CID pathways in
(H;0)142" and where the narrow ECD peaks can be seen CuOH"(H0); 2 ions, Vukomanovic and Stone concluded that

switching from a predominantly hydroxyl product to a mixture

the Cu-OH bond was weaker than that of C4OH, when in

of fragments emanating from a combination of reactions 3 and the presence of both one and two water molectfe2upport

4 as the value oK increases. What is also surprising about for this result comes from calculations by Trachtman ép&f.
Figure 8 is that it shows electron capture continuing as a Who give the bond enthalpies of CttOH and Cu—OH; as
prominent charge reduction mechanism in clusters containing 118 and 158 kJ mol, respectively. The latter value is also
up to 16 water molecules (similar data of a slightly poorer supported by experimental measurements; but unfortunately, no

quality has been recorded out as far Ms= 19). In other
examples studied thus far, ECD stops ohtesaches 9 or 10

(see below§!

comparable experimental data are available for-QuH.3” Our
results show a gradual decline in the relative intensities of
CuOHt(H,0O)y fragments a1 becomes smaller, with a critical

Related to the above discussion is an observation made onfragment size that appears to be in the region of (€O)s
the value ofK at which charge reduction begins in each of the and CuOH(Hz0), (~7400 eV in Figure 7): in smaller

MIKE scans on [Cu(HO)N]?" complexes, for example in
Figure 7, a peak correspondingko= 2 can be seen. Figure 9
shows the lowest values observed Foplotted as a function

fragments, Cti(H,O)y is the dominant electron capture product,

but as Figure 8 shows, CuCKH,O)y is the only fragment once
M becomes>8. This observation would suggest that the'€u

of N. As can be seen, the data show distinct boundaries within OH and Cu-OH, bond energies are comparable in CuGH
which the complexes exhibit fixed patterns of behavior. Since (H20)s; however, itis also possible that the GOH unit gains
the complementary product of ECD is neutral, it is assumed Stability through hydrogen bonding in the larger product ions.

that the pattern seen in Figure 9 is influenced by: (i) the initial

B. Signal Intensities and Fragmentation Patterns of [Cu-

geometries of the precursor ions and (i) the nature of the ionic (NH3)n]?" Complexes.Figure 10 shows a plot of [Cu(N$h]?+
product. Of particular relevance to the discussion surrounding ion intensity againsi. Previous measurements were unable to
[Cu(H,0)g]?" and the smaller cluster ions, is the fact that resolve ions for odd values df; however, that discrepancy
structures associated with the development of a second solvatiorhas been rectified with these new experiments where the data
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80 water. Both these observations are consistent with previous
70 ./- conclusions regarding the behavior of water. The greater loss
of ammonia molecules compared with water from*Qluring
60 ECD could be due to the former having slightly lower binding
> . [PCuNH,), I energies toward the metal ion in larger comple¥Xeand the
50 - 2 . . .
Z reduced signals from the equivalent of reaction 4 could be due
2 404 to the weaker hydrogen bond strength found for ammonia being
‘© less able to stabilize NHAt the other extreme, [Cu(N$b]+
% 304 shows evidence of forming both CuMHand CuNHj3 follow-
oo "\ ing collisional activation. Although the bond energies of
. CuNH;™ and Cu'NH; follow the same pattern seen for watér,
L e existing data show the energy difference between the two
. B S fragments to be much smaller and they may, therefore, be
H 1 6 8 10 > 1 6 18 2 formed in competition. Further differences in ECD pattern are
N summarized in Figure 9, where it can be seen there is far less

Figure 10. Distribution of relative intensities recorded for [Cu-  Structure to the range of values observeddorhe broad peaks

(NH3)\]?" ions as a function dfl. The data points are weighted averages N Flgure 11 denoting charge "_edU_Ctlon are again composites

of separate measurements B6u and®Cu. that include, for example, contributions from the loss of 3NH
and 3NH + H as seen at a laboratory-frame kinetic energy of

. ~7400 eV. Repeating the MIKE scan in this particular region,
CuNH,'(NH,), ., + KNH, +H

n Precursor ion\ but without the collision gas, reveals a very weak dish-shaped
AN . profile due to metastable Coulomb explosion giving rise td-Cu
1 Cu'(NH,), . + KNH, .
s : NH2(NH3)4 + NH4T(NH3), as charge-transfer products. Again,
k=] J 5 l s 3 it appears that a number of the composite peaks include
2 | [PcuNH) T 1 contributions arising from three separate processes: unimo-
g 3 ] ) lecular charge separation (UCS); collision-induced charge
2 Xe as CID gas .
= ( separation; and electron capture.
% [ | /J A further significant difference between water and ammonia
c ] comes from comparing the size of complex at which electron
1 W capture ceases to be an effective charge reduction mechanism.
an T o o dw  me | me s As noted earlier, complexes as large as [C{lig]?" (and most
probably beyond) continue to provide strong ECD signals, which
2 contrasts with the [Cu(NkJn]?+ series, where any ECD signals
. _ . . . , . . ; have almost vanished by the tinNe= 10. We believe these
2000 4000 6000 8000 10000 differences may be due to the extent and structure of the
Laboratory-frame kinetic energy / eV hydrogen bond network emanating from the central ion, with
Figure 11. MIKE spectrum of f3Cu(NHs)s]2+ following collisional the comparatively stronger bonds found for water leading to
activation with xenon at a pressure fL0-° mbar in the collision much larger and more stable planar configurations.
cell.
Conclusion
have confirmed the original conclusion that [Cu(jy#P" is a There is one result that dominates these experimental
particularly stable combination of €uwith ammoniat® The observations, which is that for these two hydrogen-bonded
differences in intensity between ion signals witeis less than ligands, HO and NH, structures of the form [Cu()?" appear

7 and [Cu(NH)g]?" is far more pronounced than is seen for to exhibit very distinctive properties. The initial interpretation,
the corresponding water complexes, and unlike the water systemoriginating from the calculations of ‘Bees et al2* was that
there is no local maximum & = 4. This latter observation is  [Cu(X)g]?" represents a unique hydrogen-bonded structure that
consistent with the calculations of Bes et al2* who found builds on the square-planar geometry that is characteristic of
[Cu(NH3)4)%" to be slightly distorted away from a stable square- Cu(ll) complexes. However, the new experimental data pre-
planar structure, which contrasts with the calculated results for sented here have shown that the structure has (possibly!) a far
[Cu(Hx0)4%2". The very weak signals recorded for [Cu- more significant function, which is that it represents the
(NH3)n<=6]?t could, in part, be due to the lower ionization energy minimum number of molecules required to transform [Cy{¥)
of ammonia (10.07 eV), which would serve to further destabilise complexes from being in a metastable st&te<(8) to a situation
any metastable complexes (see below). where the dication is in a stable solvent environment. The
The unimolecular fragmentation pattern recorded for [Cu- metastable states are characterized by an absence of reaction 1,
(NH3)N]?" ions shows a pattern very similar to that seen for which is replaced instead by a tendency for complexes to
water in Figure 3. No loss of neutral NHs observed oncél undergo Coulomb explosion. Since Coulomb explosion in this
is <7 and even ai = 7 that signal is extremely weak. However, and other hydrogen-bonded systems always appears to be
there are small differences in behavior between the two systemsaccompanied by proton transférthe formation of a structure,
and for comparison, Figure 11 shows a fragmentation patternsuch as that shown in Figure 1, clearly facilitates that process.
recorded following the collisional activation of [Cu(N}]?*. In examples where there are fewer ligands, Coulomb explosion
The appearance of stable fragments from ECD staris=at3 has to be preceded by the promotion of a molecule from the
rather than 2 for water and contributions from the loss of just first to the second solvation shell. As the value\bincreases,
ligands (the equivalent of reaction 3, but for jHather than the barrier to Coulomb explosion increases and eventually
ligands+ H (reaction 4) are more pronounced in ammonia than becomes greater than the barrier to the loss of a neutral molecule
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(reaction 1). The critical size for that transition appears to be axial sites on [Cu(kD)g]?" and [Cu(NH)g]2" are as a result of
whenN = 8. In effect, [Cu(HO)g]?* could be considered as  Jahn-Teller distortion. A measure of that instability being the
the unit that carries and stabilizes the double positive chargefact that the binding energy to an axial site must be less than
when C@t is solvated in water. that associated with hydrogen-bonded molecules in the second-

There is a related issue associated with the ability of either ary solvation shell. Given these circumstances, it is obvious why
water or ammonia to stabilize charge on?Cand that is when the rate of exchange of water molecules from axial sites & Cu
comparisons are made with the behavior ofAghe difference  in bulk solution is very rapit? and that at any given instance,
in ionization energy between Cuand ammonia (10.2 eV) is  the number of water molecules in close proximity to the ion
significantly larger than that between Agnd water (8.8 ev);  could easily be less than six.
therefore, just on these values alone we might have expected )
to observe stable [AgG®)]2" ions26:38 Dications of both Acknowledgment. The authors would like to thank EPSRC
metals are more easily stabilized by nitrogen-containing ligands, for financial support and for the award of a studentship to K.D.
which would favor the association of €uwith ammonia.
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