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Abstract: Water clusters of saletN[N'-ethylenebis(salicylideneaminato)] transition metal complexes [(salen)M,

M = Cr¥*, Mn3", Co*"] formed by electrospray source have been investigated using a Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer. Kinetics of water evaporation from the cluster ions is observed
to be highly dependent on the central metal ion. For example, the evaporation rate of water from solvated
salen chromium ion ([SCH nH,O]") is significantly slower than that from solvated salen manganese
([SMn + nH,0]") and solvated salen cobalt ([SGonH,0]") ions. Furthermore, the clusters of salen chromium

ions with two waters attached exhibit special stability, indicated by their prominence in the overall cluster
distribution. In contrast, no specific solvation is observed for the manganese and cobalt complexes. The lability
observed for the hydrated salen cobalt complex suggests that the high-spin state is likely to be involved in the
evaporation process. These results are in accordance with observations in solution-phase chemistry and can be
explained by ligand field theory.

Introduction clusters of tris(2,2bipyridyl)iron(Il) complex with a variety of

Studies of water clusters of ionic species in the gas IOhasesolvents are possible to generate by resolvating the electrospray-

have been providing basic insights into the chemical reactivity generate_d organometall!c compOI_Jnd W'th solvent vdpor. .
and dynamics of ions in the condensed phase. Extensive studies A detailed understanding of the interaction of organometallic

of hydrated metal ions in the gas phase using various eXperi_complexes with solvent molecules is of interest in the fields of
mental techniques have provided a wealth of information on chemistry and biology. Metal ions in the forms of organometallic

interaction between singly charged metal ions and small ”gandscomplexes of many biological systems such as metalloenzymes

such as watet A few experiments on water clusters of multiply are essential to their cataly_tic fun_ction and structural stafility.
charged metal ions have been repof@dtudies of multiply In thg. present study we investigate water clusters of salen
charged ions are often complicated by reactions in which Chargetransmon-metal comple>.<es (struthI)a generated by an glec-

is transferred from the metal ion to solvent molecules (Coulomb trospray source. Early Interest in the_se or_ganometalhc com-
explosion). However, the introduction of electrospray ionizdtion p_ounds was driven from the_'f catalytic ability of oxygen or
has facilitated the production of solvated peptfdasd organic hitrogen transfe?.SaIen transition-metal co.mple.xes hgve also
compoundas well as that of solvated multiply charged metal been investigated as model systems for biologically important

ions. Recently Posey and co-workers demonstrated that thePrOCesses, such as photosynthetic oxidation of water wi_thin
photosystem Il, and their working structures have been precisely

* To whom correspondence should be addressed. ~_ characterized by X-ray crystallographic studiéx-ray data
S ! Plreze”t address: Department of Chemistry, Ehwa Womans University, gpoy that two water molecules coordinate to the central metal
eoul, Korea. . .
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/~\ temperatures. For the present study, temperature is measured by a
=N, N= thermocouple located just outside the ICR cell. The probe has been
,_/M\ _ calibrated against another thermocouple that was temporarily installed
0o o inside the ICR cell. The salen complexes were dissolved in pure
1 deionized water containing 0.01% acetic acid at concentrations around
(M=cr**, Mn®*, Co®™) 50 uM.

Synthesis of (Salen)M# Cl. To a solution oiN,N-bis(salicylidene)-

. . L. . . ethylenediamine (1.34 g, 5.00 mmol) in ethanol (20 mL) was added
long ion storage times, is ideally suited for studies of the gqjig Mni(OAC) (as a dihydrate, 1.47 g, 5.48 mmol) and the reaction
properties, structures, and reaction dynamics of large ions andmixture was refluxed fo2 h under an atmosphere of nitrogen. After
ionic clusters in the gas phase. We have recently developed athe mixture was cooled to room temperature, LiCl (0.25 g, 5.90 mmol)
methodology to generate and investigate water clusters of ionicwas added as a solid and then the reaction mixture was stirred for
species of interest with employment of “soft” ion sampling additiond 1 h at thereflux temperature under air. Brown precipitate
conditions in an e|ectrospray soureln these experimentS, formed up_on cooling the reaction mixture. The solid was filter(_ad gnd
clusters with special stability are identified as prominent features Washed with water (50 mL) and then ether (20 mL). Recrystallization
(magic numbers) in the overall cluster distribution during the from ethanol gave the brownish product (1.37 g, 88%).
evaporation process. In the present study we observe that the Synthesis of (Salen)CHt CI. To a solution ofN,N-bis(salicylidene)-

Kineti f wat tion f \vated sal | . _ethylenediamine (1.07 g, 4.00 mmol) in THF (20 mL) was added CrCl
Inelics of water évaporation irom Soivated salén COmpIexes IS (0.54 g, 4.40 mmol) as a solid and the reaction mixture was refluxed

highly dependent on the central metal ion. Our results are in o 5 b ynder an atmosphere of.NAfter the misture was cooled to
accord with observations in solution-phase chemistry and can room temperature, LiCl (0.20 g, 4.72 mmol) was added as a solid and
be explained by ligand field theory. Studies of solvated salen then the reaction mixture was refluxed for additibiah under air.
transition-metal complexes in the gas phase provide a uniqueAfter this mixture was cooled to room temperature, a brownish solid
opportunity to investigate transition-metdigand interactions was filtered and washed with water (30 mL) and then ether (20 mL).
without the complications introduced by the presence of Successive recrystallization from ethanol and from acetone gave the

counterions. product (0.92 g, 66%).
Synthesis of (Salen)C81. To a solution ofN,N-bis(salicylidene)-

ethylenediamine (1.0 g, 3.7 mmol) in THF (45 mL) was added cobalt-
(I1) acetate tetrahydrate (1.0 g, 4.0 mmol) as a solid at room temperature.
Instrumentation. All experiments were performed in an external The sqlution turned a dark brown color immediately. After the mixture
ion source 7T FT-ICR mass spectrometer that has been described inVas stirred fo2 h atroom temperature underldtmosphere, a solution
detail elsewheré? Briefly, the instrument is equipped with a rf-only ~ Of 12 (0.51 g, 2.01 mmol) in methylene chloride (10 mL) was added
octopole ion guide to transfer the ions from the atmospheric pressure @nd stirring was continued for an additioriah atroom temperature.
ion source into the ICR cell. An electromechanical shutter is located '€ solvent was evaporated under reduced pressure and the greenish
between the ESI source and the octopole to maintain pressures belowslid residue was recystallized from ethanol and subsequently from
107° Torr at the ICR cell. The shutter was openeds toallow ions acetone to afford the product (1.2 g, 72%). _ ,
continuously being generated by the ESI source to enter the octopole.  Simulation of Solvent Evaporation Kinetics. Typical experiments
ion guide. The rf-field of the octopole was turned on only during this include taking mass spectra of water clusters at dn‘ferent_ detection
period of time. Argon collision gas~3 ms pulse, 1¢° Torr) was Qelays. Wat_er' evaporates _from the cI_usters Fo eventu:_ally yield naked
introduced to moderate the kinetic energy of the ions while they were ions at sufficiently long times. As in previous studies from our
travelling through the octopole ion guide and being trapped in the ICR laboratory;? water evaporation was observed to occur by sequential
cell. For production of hydrated salen transition-metal complexes a 0SS of single water molecules:
modified version of a commercially available electrospray ion source

Experimental Section

(Analytica of Branford, Branford, CT) was used that has been described W S W s W oo Y W LY W 1)
elsewheré? Loss of water from highly solvated ions in a vacuum results m m-1 m-2 ! 0

in significant evaporative cooling. For example, protonated water . . . .
clusters are cooled to temperature in the range of-1BD K 1214 The For the consecutive elementary reaction, the concentration of a specific

temperature is determined by the balance between evaporative coolingeluster, W, with i water molecules, at given tinteis given by:
and energy input due to background blackbody infrared radiation and

varies over a wide range between water loss eVérits the desolvation mi i ot
process nears completion (after 30 s of ion storage in the present study), Wit =S Cu W, e 2
however, the clusters approach ambient temperature, assumed to be n=

the cell temperature, 295 K. With the time scales of evaporation

processes for the systems presented in this work, the cluster temperaturehere W and W are concentrations of thiéh cluster at timet and0,

may equilibrate with the ambient temperature, but we have no meansm is the largest cluster size at= 0, andk is the evaporation rate

of ascertaining this possibiliti. In extracting the experimental rate  constant of théth cluster. By solving ordinary first-order differential

constants from the variation of ion abundances with time there was no equations, the coefficients;, are defined iteratively by:

indication that the rates were changing with time for the mono- and

dihydrates, which might result from a temporal variation in the cluster o = K1
i+n T

(11) Marshall, A. G.; Verdun, F. R. lirourier Transforms in NMR, K~ ki

Optical, and Mass Spectrometry: A User's HandboBlsevier: Amster- m-1

Ctl(forn=1,..,m—i) (3)

dam, 1990. c. W
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Int. J. Mass Spectrom. lon ProcesskE394 137, 121. Wi

(14) Schindler, T.; Berg, C.; Niedner-Schatteburg, G.; Bondybey, V. E.
Chem. Phys. Letf1996 250, 310. (16) To more completely model the kinetics of evaporation reactions

(15) For considerations of the relationship between the kinetics of we have initiated a collaborative effort with Professor John Klassen at the
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Figure 1. An example of the simulation method described in the text: m/z
(a) a cluster distribution at 13 s; (b) a cluster distribution at 18 s; and Figure 2. Water clusters of salen manganese complexes measured at
(c) a calculated distribution. various detection delays. No specific solvation is observed. Sample

concentration is 5&M in 0.01% acetic acid solution. The asterisks
With the temporal variation of concentrations, it is possible to indicate protonated water clusters.
numerically simulate water cluster distributions at various detection
times by using the observati(t) values. An example is shown in Figure ~ Table 1. Rate Constants (9) for the Evaporation Reactions of
1. Parts a and b in Figure 1 are the two sets of water cluster distributions Pihydrates of Salen Transition-Metal Complexes

experimentally measured at 13 and 18 s. Since the distribution at 18 s [SCr+ 2H,0]* [SMn + 2H,0]* [SCo+ 2H,0]*
results from evaporation Qf water from the distribution observed at 13 ko 2 7% 102 76x 101 36x 101
s, one can use intensities of water clusters at 13 s dsakd ke 49% 102 32% 10t 1.9x 101
numerically calculate rate constants that result in relative intensities : i

(W) of water clusters at 18 s. Figure 1c presents the calculated 2 W ﬁW E»W

distribution of water clusters at 18 s, which agrees well with the 2 1 0

observed distribution (Figure 1b). A modified simplex metHaaly
Nelder and Mead was used for the numerical optimization and the

computation is terminated when the value is less than k 10°%. Evaporation Kinetics of Hydrated Salen ComplexesAs

indicated in the mass spectra, water evaporation rates vary
significantly for different metal ions. Table 1 compiles the rate
constants for the dissociation reactions of the dihydrated salen
Cluster Distributions of the Salen Complexes with Dif- complexes, obtained by the simulation method described in the
ferent Central Metal lons. Mass spectra of water clusters of Experimental Section. The rate constants for [SCnH,0]"
the salen manganese complex taken at various detection delayare about an order smaller than those of [SMmH,0]* and
after ion accumulation are shown in Figure 2. Extensively [SCo+ nH,O]" (n = 1 and 2). Furthermore, the first loss of
hydrated salen manganese complexes with as many as 60 watewater from [SCr+ 2H,0]" is two times slower than the second
molecules are observeldo evidence for special stability of the  loss. Taking statistical factors into account where dihydrate
dihydrate complex ion is obsed. Similarly, no specific complexes have two water molecules to lose while monohy-
solvation is observed for water clusters of the salen cobalt drates have one, the first water loss is approximately four times
complex (Figure 3). This is rather surprising since two water slower than the second loss. Using the same argument, the first
molecules are known to bind directly to central metal ions and and second water loss processes occur at the similar rate for
presumably have stronger binding energies than the outer shel[SMn + 2H,0]" and [SCo+ 2H,0]*. These observations are
water ligands. It indicates that the water ligands are labile in in qualitative agreement with water exchange rates of transition-
these complexes, which will be discussed more in following metal aquo complexes, measured experimentally by isotopic
sections. labeling!® Water exchange rates are in the order of Mn(#l)
With chromium as the central metal ion, however, cluster Co(lll) > Cr(lll), which matches the observed relative rates of
distributions (Figure 4) clearly indicate that the dihydrate has Water elimination for these metals in the present study.
special stability. The two waters undergo slow evaporation over  Evaporation Energetics of Hydrated Salen Complexes.
100 s, while the larger clusters disappear in 20 s. Water evaporation from the dihydrates of salen transition-metal

Results and Discussion

(17) Nelder, J. A.; Mead, RComput. J.1965 7, 308. (18) Taube, HChem. Re. 1952 50, 69.
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Figure 4. Water clusters of salen chromium complexes measured at
various detection delays. The mass spectra clearly indicate that the
dihydrate has special stability. Sample concentration jg\N8n 0.01%

acetic acid solution. The asterisks indicate protonated water clusters.

Figure 3. Water clusters of salen cobalt complexes measured at various
detection delays. As with manganese complexes, the distribution
exhibits no magic numbers. Sample concentration igl&0in 0.01%
acetic acid solution. The asterisks indicate protonated water clusters.
r (a)
[SCr+H,0]*
(2.00)

Table 2. Crystal Field Stabilization Energies (CFSESs) for the
Salen Transition-Metal Complexes (M Cr*t, Mn3*, Cc®") with 2
Different Coordination®

crystal field stabilization energy, Dq
[SM+ 2H,0]* [SM + HOl" [SM]T Az Agp

—12.00 -10.00 —14.56 2.00—2.56
—6.00 -9.14 —12.28-3.14—6.28 2=
—16.00 —1457 -19.70 1.43-3.70 sl
—4.00 —457  —514-057-1.14

—14.00 —~18.28 —22.56—4.28 —8.56

—24.00 —20.00 —29.12 4.00-5.12

1 =

[SCr+2H,0]*

spin
M state
CI’”I
Mn"" high
low
Cd" high
intermed.
low

ADq (SCr)

[scr
(-2.56)

a2 Az and Ay are the difference in CFSEs for dihydrates and ,--[-S-'-V-IT-':'-ZQI:---\ (b)
monohydrates and CFSEs for dihydrates and dehydrated complexes,
respectively. The crystal field effects of the tetradentate ligand are hard
to predict. One can approximate the crystal field effects by dividing it
into four separate ligands, such as two trialkylamine and two phenoxide - '~
ions. However, even with the use of different Jgrgenséntnstants, z ,
the resultant energetics for the dissociation reactions do not change %
much. o 3|l . [SMn+H, 01 |

< ——— \ +

(-3.14) \ [SMn]

[SMn+2H,0]* "

complexes leads to changes in crystal field stabilization energies
due to the varied coordination of the central metal ions. With S
two water molecules attached, the complex forms an octahedral B
complex, while [SM+ H,0]" and [SM]" form square pyramidal
and square planar complexes, respectively. Assuming th‘? Sam%—igure 5. Changes in crystal field stabilization energies with water
crystal field effects (the same Jgrgensdrtenstant) for all six evaporation from [SCr 2H,0]* (a) and [SMn+ 2H,O]* (b).
coordinating sites (two nitrogens and two oxygens from the gyaporation kinetics observed in the present study indicates a high-
tetradentate ligand and two waters), the estimated crystal field spin state for [SM+ 2H,0]*.

stabilization energies (CFSEs) for the different salen transition-

metal complexes are given in Table 2. On the basis of the an endothermic process while the second loss of water is
CFSEs, one can construct an energy level diagram as shown irexothermic. This accounts for the fact that the first dissociation
Figure 5. Figure 5 compares the changes in CFSEs with waterreaction is four times slower in rate than the second. For the
evaporation from [SCrH 2H,0]* (Figure 5a) and [SMnt+ case of [SM+ 2H,0]*, we have two possible energetics for
2H,Q]* (Figure 5b). Taking only d-orbital energies into account, the dissociation reaction, corresponding to high- and low-spin
the first loss of water from [SC# 2H,0]" is calculated to be complexes. For a low-spin complex, the energetics of the

Low Spin

High Spin [SMn]*
2L (-6.28)
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Figure 6. Changes in crystal field stabilization energies with water
evaporation from [SCet 2H,0]" for different spin states.
0 0 o Q Q

reaction is similar to that of [SC# 2H,O]™ and the dihydrate
peak would be a strong peak. However, for a high-spin complex, Figure 7. Potential energy curves for thé.q and®T states for Co-
the two losses of water from [SMA- 2H,0]* are both (H20)6**. Q is the distance between cobalt(lll) and the water ligand.
exothermic with the same energy increments. The kinetics 12ken from ref 21.

observed in the present study is consistent with a high-spin salencrossing to théT,q state followed by dissociation. When the
manganese complex. The room-temperature magnetic momentgomplex is in a high-spin state, the two evaporation processes
of [SMn + 2H,0]CIO4-nH20 are measured to be in the range are exothermic as shown in Figure 6, which is consistent with
of 4.7-5.0ug, close to the spin-only value of 48 expected  our observation that the complexes are labile (Figure 3).
for a magnetically dilute high-spin*dnanganese(lll) ioA?

Figure 6 shows the energetics for the dissociation reaction Conclusions
of [SCo + 2H,0]" with low (*A14(t29)®), intermediate {14
(t2g®(eg)t), and high fTo4(t2g)*(eg)?) spin state as different
possibilities. The evaporation kinetics indicates a high-spin or
intermediate spin state for the salen cobalt complex. However,
the magnetic susceptibility measured for [SEQH,O]I-nH,0
is very low, suggesting a diamagnetic low-spin complex.
Contrary to general expectations, it was observed that in solution
the low-spin cobalt(lll) aquo ion, Co@#®)s>", exchanges
coordinated water with water molecules at high réfds was

Water evaporation from extensively hydrated salen transition-
metal complexes formed by operation of an electrospray ion
source in a “soft sampling” mode has been studied. The
generation of hydrated organometallic compounds such as salen
transition-metal complexes in the gas phase provides a unique
possibility for studying metal ligand interactions in a counterion
free environment. The evaporation kinetics are observed to be
heavily dependent on the central metal ion, in accordance with
. - . ligand field theory predictions for d-orbital energy changes
then suggested that the labile high-spin stdfed of Co- resulting from elimination of water. The lability of the salen

3+ mi ithi
Sj jg)gccggigtleb?hv(\a”rt:wlglI;‘;. k'(l:'ﬂ!/smslogtfu:gtee g;ﬁgggqigﬁl;nxaspobalt dihydrate complex indicates that the labile high-spin state

supported by Grav and co-workers. who calculated the eneray'S likely to be involved in the dissociation reaction. These studies
gagpbetweeﬁ)rbq ar)1/d5T2 0 be about,4 keal/mol with an energygycan readily be extended to consider a range of ligands in addition
g 9 i i
barrier of 5.4 kcal/mol associated with the curve crossiighey tsc:uv(\j/atec:',[he;r;d itnrf:eoer)t(:r?t”gfrgzgmggﬁiiofgrﬁ Cgﬂn%i agggﬁ d;:
pointed out that the potential energy curve for g state is y o portar 9 P
di . . porphyrins. Examination of the temperature dependence of the
isplaced relative to the potential curve of the ground state due . . .

. . - - water loss rates is also of fundamental interest. Experiments to
to Jahn-Teller distortion of the excited stafe(Figure 7) and address this issue are underway in our laborator
concluded that the quintet state plays a role in the lability of y y:
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