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bstract

Organometallic assemblies, containing the bis-terpyridinyl-Ru(II) connectivity (symbolized as [–〈Ru〉–]) in a range of small bismetal complexes
o macrocycles possessing up to 12 metal ions, have been studied by electrospray ionization (ESI) and matrix-assisted laser desorption ionization
MALDI) mass spectrometry (MS). ESI MS is found to be a more suitable characterization method than MALDI MS, because (1) it can directly
etect multiply charged ions, (2) does not alter the connectivity of the complexes through disassembly/reassembly sequences and (3) causes
ssentially no or very little fragmentation. Requirements for the optimum signal-to-noise ratio in ESI mass spectra include: (1) a low ionization

ource temperature (30 ◦C), (2) low skimmer voltage (10–15 V), (3) moderate flow rates of both the nebulizing and drying gases and (4) a pre-cooled
ample. Tandem mass spectrometry experiments on intact complex ions indicate that the noncovalent interactions between the Ru(II) center and
he two terpyridine ligands, which hold the supramolecular assembly together, are very strong.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Supramolecular entities contain noncovalently attached com-
onents designed to self-assemble into a defined architecture,
uch as those possessing star, comb or dendritic shapes [1].
ighly charged transition metal ions are often used in such

pecies, as they can develop strong electrostatic interactions
ith organic ligands, leading to particularly stable assemblies.
ignificant efforts have been devoted in the last decade to the
ynthesis of supramolecular organometallic assemblies with
ne-tuned physicochemical properties for specific applications
2–8]. For example, linear devices have been developed that
an act as layered polyelectrolyte films, grids and photoactive
olecular-scale wires, while new two- and three-dimensional

pecies can be used for light harvesting [4,6]. X-ray crystal-

ography and NMR spectroscopy have been the major charac-
erization methods for these novel materials. Yet, such char-
cterizations often pose problems because it may be difficult
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o generate suitable single crystals for structure determina-
ion, and/or because stereogenic problems are very challeng-
ng to solve by NMR studies [2–4,6]. Chait and co-workers
9] recognized more than 15 years ago the usefulness of elec-
rospray ionization mass spectrometry (ESI MS) [10] for the
dentification of [(bpy)3](Ru)(Cl2)] and similar transition metal
omplexes. Since then, ESI MS has been used for the study
f a variety of organometallic systems [2,3,11–13]. A variant
f ESI MS, viz. coldspray ionization mass spectrometry, was
ecently developed by Yamaguchi and co-workers for the tar-
eted analysis of labile organometallics [14]. Matrix-assisted
aser desorption ionization (MALDI) [15] mass spectrometry is
n alternative choice for the characterization of supramolecu-
ar assemblies and polymers [5,7,16–18], although this method

ay coproduce misleading fragments and/or adducts that are not
bserved with ESI [5,7,16,17]. Here, we report a combined MS
nd tandem mass spectrometry (MS/MS) study of novel, Ru-
ased organometallic assemblies, ionized by ESI or MALDI.

bout 60 different organometallic complexes have been stud-

ed and 6 representative examples are discussed in detail in this
aper. Both, the optimal working conditions for such systems
earing [–〈Ru〉–] connectivity, where 〉– represents 2,2′:6′,2′′-

mailto:wesdemiotis@uakron.edu
dx.doi.org/10.1016/j.ijms.2006.03.006
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Fig. 1. Organometallic assemblies studied. Each Ru ion provides +2 charges. The positive charges of the assemblies are balanced by an equal number of PF6
−

counterions.
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Fig. 2. ESI mass spectrum of assembly A (Fig. 1); the inset shows the experi-
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Fig. 3(a), contains fragments from consecutive losses of HPF6;
up to three occur, which is consistent with the three PF6

− units
present in this charge state. Each HPF6 loss is accompanied by a
competitive PF5 elimination (PF6

− → PF5 + F−), proceeding in
8 P. Wang et al. / International Journal o

erpyridine, and the advantage of analyzing pre-cooled samples
re demonstrated.

. Experimental

ESI and MALDI experiments were conducted with a Bruker
squire-LC ion trap mass spectrometer (Billerica, MA) and a
ruker Reflex III MALDI time-of-flight (ToF) mass spectrom-
ter (Billerica, MA), respectively. The ESI solvent was either
cetonitrile or chloroform. The sprayed solution was prepared
y dissolving ∼1 mg of sample in 1 mL of solvent and intro-
ucing it into the ion source by a syringe pump at a rate of
00 �L/h. The spraying needle was grounded and the entrance
f the sampling capillary was set at −4 kV. Nitrogen was used
s the nebulizing (12–15 psi) and drying (8–12 L/min, 30 ◦C)
as and He as the buffer gas in the ion trap. The cone (or skim-
er) voltage was held ∼10–15 V. Tandem mass spectrometry

MS/MS) experiments were performed by isolating the desired
recursor ion and exciting it to decompose in the trap via col-
isionally activated dissociation (CAD) with the He buffer gas.
he excitation (RF) amplitude was adjusted between 0.65 and
.85 V to maximize fragment ion yield and the excitation time
as set at 40 ms. In the MALDI-ToF MS experiments [19],
-cyano-4-hydroxycinnamic acid (CHCA), dithranol, 7,7,8,8-

etracyanoquinodimethane (TCNQ) and indolacrylic acid (IAA)
ere evaluated, as matrices. IAA gave the best signal/noise

atio and the highest abundance of quasimolecular ions for the
ompounds that were investigated. Solutions in acetonitrile or
hloroform of the sample (10 mg/mL) and matrix (20 mg/mL)
ere mixed in the ratio 1:5, and the final mixture (∼0.5 �L) was
eposited onto the sample holder, allowed to dry and introduced
nto the MALDI source. MALDI mass spectra were acquired
n reflectron mode [19]. The m/z ratios quoted correspond to
he most abundant isotope of a partially or completely resolved
sotopic cluster. The synthesis of the organometallic materials
tudied is reported in detail elsewhere [4,6,20]. The reagents
nd solvents used for their MS analysis were purchased from
ldrich or Sigma (Milwaukee, WI) and were used without fur-

her purification.

. Results and discussion

The diverse but interrelated types of organometallic assem-
lies [8] investigated (A–F) are shown in Fig. 1. All contain two
r more [–〈Ru〉–] centers of connectivity with varying substi-
ution patterns. Each RuII ion is bound to two terpyridine (tpy)

oieties belonging to different ligands, with the exception of
, which is derived from the supramolecular assembly of a sin-
le m-bis-(terpyridine)benzene and [Ru(DMSO)4(Cl)2] mixed
n the ratio 1:1. The [tpy–Ru(II)–tpy] or [tpy–Ru(II)–tpy′] bonds
old the assemblies together. The organometallic assembly car-

ies multiple positive charges, as determined by the number of
uII ions, each of which is counterbalanced by two hexaflu-
rophosphate anions (i.e., PF6

−). Structures A–F have been
onfirmed by 1H NMR, 13C NMR and UV/vis spectroscopy
4,6,20]. Here, we discuss their mass spectra.

F
q

ental (top) and calculated (bottom) isotope patterns of the quadruply and triply
harged quasimolecular ions of A. The numbers on top of the peaks give the
harge state and the m/z value of the most abundant isotope.

.1. MS and MS/MS studies of small organometallic
ssemblies A and B

Fig. 2 depicts the ESI mass spectrum of the small bismetal
ssembly A, obtained with the drying gas temperature normally
sed (300 ◦C) and with a low skimmer voltage (∼10 V instead of
he commonly used 60 V). The assembly is observed as a quadru-
ly charged quasimolecular ion as well as with +3, +2 and +1
harges. The three latter charge states contain one, two, and three
F6

− anions, respectively. The inset in Fig. 2 shows an expanded
iew of the measured (top) and predicted (bottom) isotopic pat-
erns for the quadruply and triply charged ions; the experimental
nd theoretical patterns match perfectly. The quasimolecular
ons of A were also analyzed by MS/MS (CAD), in order to gain
nformation about the fragmentation behavior in such ruthenium
onnectivity. The MS/MS spectrum of the singly charged ion,
ig. 3. MS/MS (CAD) tandem mass spectra of (a) singly, (b) doubly and (c)
uadruply charged A. The numbers on top of the peaks give m/z values.
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Fig. 4. MALDI-ToF mass spectrum of assembly A. The broad peaks between
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ably arise by consecutive fragmentation of m/z 1633 or 1778.
Larger, unidentified products are observed as well, appearing
at m/z 1819, 1964, 2006 and 2151 [23]. The ESI and MALDI
results for A and B clearly demonstrate that ESI MS provides
he isotope-resolved signals arise from post-source decay of higher-mass ions
i.e., fragmentations after the ions have exited the ion source [19]). The structures
n the insets correspond to the ions marked by the arrows (see text).

uch lower yield. For each loss of HPF6, proton abstraction from
he organic ligands occurred. These protons are most probably
erived from the central aryl –CH3 or –OCH3 substituents. The
esulting anions may increase (through resonance) the charge
ensity at the N atoms coordinated to RuII, leading to stronger
igand–metal bonds [4,6]. It is noteworthy that dissociation of
he noncovalent RuII–tpy bonds is not observed, indicating that
hey are stronger than the RuII/PF6

− interactions.
Fig. 3(b) shows the MS/MS spectrum of the doubly charged

uasimolecular ion, which decomposes solely via consecutive
osses of HPF6. A similar reactivity is observed for the +3 charge
tate (one HPF6 loss). Finally, the quadruply charged ion, which
acks PF6

− counterions, undergoes H2, CH4 and CH3OH losses,
f. Fig. 3(c); these dissociations presumably take place at the
CH3 and –OCH3 groups. Cleavages at the RuII–tpy bonds
o not occur, demonstrating once more the strong interaction
etween metal ion and ligands.

Fig. 4 shows the MALDI-ToF mass spectrum of assembly
using IAA as matrix. Only singly charged ions are observed

n this spectrum. The peak at m/z 1899 is the assembly A with
ne less PF6

− (145 u). The product at m/z 1754 is missing two
F6 units, while that at m/z 1609 lacks three such units; these

ons still contain one (m/z 1609) or two (m/z 1754) PF6
− coun-

erions. Note that the overall charge state is +1, because the
emoval of n PF6

− anions is accompanied by the addition of
− 1 electrons [7]. The plume of charged particles created in

he MALDI process contains highly charged clusters as well as
lectrons [21]. Electron capture by initially formed high charge
tates (>1) causes partial neutralization, yielding the observed
ingly charged ions. Ions with one charge survive the longest in
he plume and, thus, only these species are ultimately detected
n the spectra [5,7,16–18]. For most analytes, such electron cap-
ure results in dissociation; the RuII/tpy assemblies, however,
an be reduced to resonance-stabilized radicals that are particu-
arly stable and, hence, detectable as intact complexes.

The three most abundant peaks in the lower m/z range of the

ALDI mass spectrum, viz. m/z 780, 925 and 1023 (Fig. 4),

gree well with the smaller assemblies shown as insets. These
roducts most likely originate from prompt fragmentation (i.e.,
ragmentation during the MALDI event [19]) of the assemblies

F
i
f
t

ig. 5. (a) ESI MS and (b) ESI MS/MS (CAD) (quadruply charged) mass spectra
f assembly B. The numbers on top of the peaks give m/z values.

t m/z 1609 and 1754. There are several ions in the high-mass
nd of the spectrum, including m/z 1795, 1940, 1982 and 2127,
hich could not be identified conclusively. These ions may be

ormed during sample preparation or/and the ionization process.
tudies are under way to determine their origin [22].

Assemblies A and B only differ in the side chains of the
eripheral ligands. It is therefore not surprising that they behave
imilarly under ESI conditions. Fig. 5(a) shows the ESI mass
pectrum of B, which contains quadruply, triply, doubly and
ingly charged quasimolecular ions. The inset (Fig. 5(b)) is the

S/MS spectrum of the quadruply charged B, revealing con-
ecutive dissociations of CH4. Again, ligand detachment is not
bserved. The MALDI-ToF mass spectrum of B (Fig. 6) is quite
imilar to that of assembly A, with peaks at m/z 1923 (assembly

with one less PF6
−), m/z 1778 (from elimination of a second

F6
−, followed by electron capture) and m/z 1633 (after a fur-

her PF6
− loss/electron capture). The ions at m/z 804 and 949

re the reassembled complexes shown in the insets and prob-
ig. 6. MALDI-ToF mass spectrum of assembly B. The broad peaks between the
sotope-resolved signals arise from post-source decay of higher-mass ions (i.e.,
ragmentations after the ions have exited the ion source [19]). The structures in
he insets correspond to the ions marked by the arrows (see text).



90 P. Wang et al. / International Journal of Mass Spectrometry 255–256 (2006) 86–92

Fig. 7. ESI mass spectrum of assembly C acquired with the drying gas at room
temperature and low skimmer voltage (see text), using (a) a sample solution at
room temperature or (b) a sample solution pre-cooled to −8 ◦C. The inset shows
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Fig. 8. MALDI-ToF mass spectrum of assembly C, acquired from (a) a fresh
solution of C and the same solution after it stood for (b) 2 or (c) 5 days at room
temperature. The peaks labeled by m/z values correspond to singly charged
quasimolecular ions of [(tpy)2(Ru)(PF6)2]n (n = 3–9) assemblies, having the
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he peak for a lower-charge state, detected separately over a narrow mass range.
he numbers on top of the peaks give the m/z value and charge state of the most
bundant isotope.

more straightforward characterization of such organometallic
ssemblies, whereas MALDI-ToF MS causes association and
issociation reactions that compromise spectral interpretation.

.2. ESI and MALDI MS studies of larger assemblies C, D,
and F

Mass spectrometry characterization of the larger supramolec-
lar organometallic assemblies, which usually carry more
harges, becomes challenging. For example, if sample C is ana-
yzed under the same conditions as samples A and B, no useful
pectra can be obtained (only background noise is detected).
his led us to determine that low drying gas temperature and

ow skimmer voltage are critical in these cases. The ESI mass
pectrum of C depicted in Fig. 7(a) was acquired with the dry-
ng gas temperature set at 30 ◦C and with a low skimmer voltage
∼10 V). The flow rates of the nebulizing and drying gases were
lso adjusted higher than in normal operation, viz. at 15 psi ver-
us 10 psi (nebulizing) and at 12 L/min versus 8 L/min (drying
as), to minimize heating of the ions during their transport to the
ass analyzer. Since room temperature is the lowest temperature

ccessible with our ESI ion trap, an alternative means to remove
xcess energy that could cause sample deterioration during the
SI process is to pre-cool the sample solution. When the sample
olution is stored in the freezer (−8 ◦C) for at least 12 h before
nalysis, the spectrum of Fig. 7(b) is obtained for C, which
as a markedly better signal-to-noise ratio. Thus, sample pre-
ooling is one extra step for getting enhanced mass spectral data
rom these large supramolecular organometallic assemblies. The
ost abundant peaks in the resulting spectra always correspond

o ions with relatively high (but not the highest) charge states,

hich appear at lower mass-to-charge values. In order to detect
eaks of higher m/z with fair intensity, a narrow range around
he predicted m/z must be scanned and the scanning parameters
hould be adjusted accordingly.

c
c
t
s

omposition [assembly − PF6
−]+. The broad peaks at the lower m/z side of the

uasimolecular ions arise from post-source decay.

Assembly C was also subjected to MALDI-ToF MS analy-
is using IAA as matrix, cf. Fig. 8(a). Unlike the corresponding
SI mass spectrum (Fig. 7), which was dominated by differently
harged quasimolecular ions of the hexagon-like structure C, the
ajor peaks in the MALDI mass spectrum correspond to singly

harged ions from [(tpy)2(Ru)(PF6)2]n complexes (n = 3–9),
ontaining n bis(terpyridine) moieties, n RuII ions and 2n − 1
F6

− counterions. Because of the 120◦-angle between the ter-
yridine units, only the hexameric complex (n = 6) can have a
train-free cyclic structure (shown in Fig. 1), suggesting that
he other complexes observed in the MALDI mass spectrum are
ither ring-opened, horseshoe-like (n ≤ 5) species or/and less
table, strained macrocycles (n ≥ 7). The same sample solution
as analyzed by MALDI-ToF MS also after standing at room

emperature for 2 or 5 days, cf. Fig. 8(b and c). There is no
ramatic change vis-à-vis the spectrum of the fresh sample,
ig. 8(a), even when the sample solution is pre-cooled or the
atrix changed (spectra not shown), indicating that the partial

isassembly of cyclic structure C and the formation of the larger
acrocycles takes place during the MALDI event and not upon

ample preparation. The MALDI mass spectra also show a con-
iderable degree of metastable fragmentation (broad peaks [19]),
resumably because a significant amount of internal energy is
eposited in the desorption/ionization step. These results point
ut that MALDI-ToF MS is inferior, compared to ESI MS, for
he analysis of self-assembling complexes analogous to those
tudied here.

In contrast to C, assembly D is composed of difference sub-
nits, viz. small peripheral ligands (similar to those in C) and a
arge porphyrin derivative centerpiece. Replacing the two pro-
ons in the center of the porphyrin ring of assembly D with a
n(II) ion yields assembly E. Fig. 9 depicts the ESI mass spectra
f assemblies D and E. The highest charge states observed, +8,
ontain no PF6

− counterions. These, together with all other, less

harged quasimolecular ions provide definitive identification of
he corresponding assemblies. Fig. 10 shows the MALDI mass
pectra for pre-cooled (−8 ◦C) complexes D and E. The ion at
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Fig. 9. ESI mass spectra of assemblies (a) D and (b) E acquired using a pre-
cooled sample (−8 ◦C) and low drying gas temperature and skimmer voltage.
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Fig. 11. ESI mass spectrum of assembly F acquired using a pre-cooled sample
(−8 ◦C) and low drying gas temperature and skimmer voltage. The numbers on
top of the peaks give the charge state and the m/z value of the most abundant
isotope.

F
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he numbers on top of the peaks give the charge state and the m/z value of the
ost abundant isotope.

/z 4819 in Fig. 10(a) is [D − PF6
−]+, i.e., the quasimolecular

on with one PF6
− less than the complete assembly (Fig. 1). The

ollowing three peaks arise from complexes that have lost 1–3
dditional PF6

− units upon MALDI, as explained for assemblies
and B; each PF6

− loss is accompanied by electron capture and
owers the mass by 145 u while maintaining a +1 charge. The ion
t m/z 4881 in Fig. 10(b) corresponds to [E − PF6

−]+, i.e., the
omplete assembly E (Fig. 1) less one PF6

− counterion. Below
/z 3000, the same ions are observed from D and E, but with dif-

erent relative intensities. These products, probably fragments,
ave not yet been identified.

Assembly F is a branched assembly composed of three dif-
erent subunits. Pre-cooling of sample F leads to an ESI mass
pectrum (Fig. 11), containing a series of variously charged
uasimolecular ions. Fig. 12 is the MALDI-ToF mass spectrum
f the same pre-cooled (−8 ◦C) assembly F, in which only small

omplexes are detected (indicated in the insets). The observed
ons appear to be fragments, arising from highly charged assem-
lies that underwent electron capture in the MALDI plume (vide

ig. 10. MALDI-ToF mass spectra of assemblies (a) D and (b) E acquired using
re-cooled samples.
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ig. 12. MALDI-ToF mass spectrum of assembly F acquired from a pre-cooled
ample. The structures of the ions labeled in the spectrum are given in the insets.

upra). Once again, our results point out that ESI MS is more
uitable than MALDI MS for the nondestructive analysis of this
ype of organometallic assemblies.

. Conclusions

In summary, ESI MS is more suitable than MALDI MS for the
haracterization of RuII/tpy-based supramolecular organometal-
ic assemblies held together by electrostatic (noncovalent) inter-
ctions.

The optimized conditions for ESI analysis of such assemblies
re low ionization source temperature (30 ◦C), low skimmer
oltage (∼10 V), moderate flow rates of nebulizing gas and dry-
ng gas and a pre-cooled sample; the latter condition is very
mportant for the best possible signal-to-noise ratio (and, hence,
etection sensitivity) in the resulting mass spectra.

Pre-cooling removes some of the vibrational excitation of
he organometallic assemblies, making it more probable that the

orresponding quasimolecular ions generated upon ESI reach
ntact the ion trap for their mass (and MS/MS) analysis. The
est possible spectra are obtained within ∼30 min after removal
f the sample from the freezer. From the complexes discussed
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n this paper, the cyclic construct C leads to a noticeably nois-
er mass spectrum than the other, linear assemblies. A possible
ause for this difference is the collisional reactivation that can
ccur when the ions are transported from ambient pressure to
he ion trap. The cyclic structure should have a higher collisional
ross-section and, thus, would be more susceptible to destruction
n route to the mass analyzer.

MALDI generally deposits more internal energy than ESI.
n fact, the post-source decay (PSD) mass spectra acquired in
eflectron MALDI-ToF instruments are the result of the con-
iderable internal energy distributions that can be transferred in
he MALDI event [19]. The internal energy added upon MALDI
ppears to outweigh any vibrational cooling effected by freezing
f the sample, thus causing extensive or complete fragmentation
f the assemblies. The relative abundance of the singly charged
uasimolecular ion (i.e., of [assembly − PF6

−]+) in the MALDI
ass spectra varies with the matrix used, increasing in the order

AA > dithranol > TCNQ (or other matrices). Based on the lat-
er trend, matrix acidity is not detrimental. The UV spectrum
f a cyclic complex similar to C (−CH3 instead of −OC6H13
ide chains) contains band maxima at 290, 312 and 496 nm. The
and at 312 nm is near but not in resonance with the light emit-
ed by the MALDI laser (337 nm). Hence, the samples analyzed

ight absorb weakly the laser light, which in turn could con-
ribute to the large degree of prompt fragmentation observed in
he MALDI-ToF mass spectra.
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