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lon mobility and mass spectrometry techniques have been used to study clusters of serine formed by sonic
spray ionization. Broad distributions of cluster sizes and charge states are observed, ranging from clusters
containing only a few serine units to clusters that contain more than 600 serine units (i.e., protonated clusters

of the form [mSer+ nH]"" with m = 8 to >600 andn = 1 to 10). Experimental collision cross sections,
derived from the mobility data, are dependent upon cluster size but are not significantly influenced by the

cluster charge state. A comparison of calculated cross sections for different trial geometries for several cluster
sizes indicates that large clusters adopt tightly packed, roughly spherical geometries. The most abundant

cluster size in the spectrum corresponds to the [8SEl|* cluster; however, this ion comprises less than 1%
of the total serine abundance. The measured cross se@{fBSer+ H]") = 190 A? is in good agreement
with the 191.24+ 0.2 A2 value reported previously from electrospray ionization. Isotopic labeling studies
indicate that [8Ser+ H]* retains a strong chiroselective preference. Evidence for some chiroselectivity in
larger clusters is presented.

Introduction sections that are calculated for trial geometries with those
determined from experiment indicate that large clusters are very
tightly packed and are likely to have roughly spherical geom-
etries. Our initial impression of large serine clusters was that
the clusters were likely to be random assemblies that associate
statistically during the SSI process. However, as we have
examined these data in more detail it appears that clusters
containing 8, 15, 16, 17, 37, 40, and 41 monomer units are
. . 7 unusually abundant within at least one of the observed charge
mass lspectra +Of carbor: clusters, in Wh'(.:h the very special states, suggesting that some of these clusters may have well-
behavior of Gg" and Gg" was observeﬁ.Slnce then, many ... defined geometric structures. Under the conditions employed
systems have shown such strong tendencies to favor specn‘lchere the [8Ser- H]* cluster comprises less than 1% of the
cluster size$.® Moreover, the ability to assemble in a chirally totallion abundance. Isotopic labeling studies show that this

i ion i 10 i e :
ielflcflve ffﬁ?'on 'S rer?arkz?jtﬂetﬁ tTO bie”:womochléal, [8Ser tcluster exhibits a strong homochiral preference; there are some
] must have a preferred structure. Theory and experimen indications that other cluster sizes may also favor specific chiral

|_|[1'<11I|cate_ that very _(éompacttr,] Ctu?ﬁ“ki geomhgtnles are favl%)retd. forms. In this paper, we report on the characteristics of these
ere 1S now evidence that the homochiral serine cluster larger clusters produced by SSI and compare these trends to

framework may selectively incorporate other chiral mol- :
. ) what is currently known about the [8Sér H]™ cluster.
ecules>10All of these results raise questions about the role that y [ ]

such species may play in homochirogenéss.?
With these ideas in mind, it is important to understand the

range of conditions_under_ which [8Ser H]* is favored. In ) General. lon mobility and hybrid ion mobility-mass spec-
this paper, we examine serine clusters produced by SSI by using o metry approaches have been described in dé@ihly a brief
hybrid ion mobility mass spectrometry techniques. While SSI yegcription that focuses on the present experimental configu-
produces almost exclusively [8SerH] ™ upon introduction into - yation is provided here. Briefly, charged droplets are produced
the Cooks’ instruments at Purdéighe data we show below 1, 4 S5 source (described below) and enter a differentially
from the Indiana University (1U) instrument shows that a large pumped source region (a pressure~d.5 to 2 Torr) where
distribution of cluster sizes can be made. Below we show g\ ent evaporation occurs. A continuous beam of protonated
evidence for serine clusters containing more than 600 serineggrine clusters exits the source into a main vacuum chamber

monomers. These clusters are remarkable assemblies in theit 4 is focused into a 7.84 cm long linear octopole ion trap and
own right—having nanoscale dimensions. Comparisons of cross 4cymulated for 150 ms. Experiments are initiated by ejecting
the concentrated packet of ions (using a k8Qulse) from the

The strong homochiral preference of [8SerH]™ formed
from electrospray ionization (ESIand more recently from sonic
spray ionization (SSH'°has attracted substantial attentfof10
It is now known that [8Set- H]* is by far the most abundant
cluster ion produced by ESI and under some conditions is the
only cluster size that is apparent in the mass spectriimis
remarkable behavior is similar to what was found in the early

Experimental Section

:ﬁg?;?;p&’:]?\i/g?sfwuthors' octopole trap into the drift tube. The present study utilized mild
* Purdue University conditions between the source, trap an(_j drift tube (a_ln injeg:tion
8 E-mail: clemmer@Indiana.edu. voltage of~60 V was employed). The drift tube was filled with
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~1.5 Torr of 300 K He buffer gas and ions drift across the Normally, experimental collision cross section®)( are
tube and through the gas under the influence of a weak electricdetermined using the relatight’
field. These studies utilize a relatively new, split-field drift tube

design!! In this configuration ions drift 50.3 cm at relatively (1871)1’2 ze [1
low fields ~10 V-cm™* before entering a 1.0 cm long focusing =
field region. The second drift-field region is designed to focus

locln_fr;s thr?ugth tkt1_e ldr.'ft tuge ?X'F %”f(':(;e da::og%rt]'gr?oc;prﬁg?)t?? fﬂ wherez, e, m, andmg correspond to the charge state, electron
ierent potentials in order to Inau ' atl ity charge, and masses of the ion and buffer gas, respectiNely.

separated ions. The present studies employed low potentials in

th d-field redion- i . ¢ trol studi found and k, correspond to the neutral number density and Boltz-
€ seconad-lield region; in a Series of contro’ Studies we tound ., g constant, respectively, and the experimental variables
no evidence for fragmentation of ions inside the drift tube. lons

exi the drit tube thiough a difierentally pumped orifce- pfil" ool S SIS U i gas mperature) are
s!<|mmer cone region that is also designed to Improve tr"jmsm's'precisely controlled. In the present system, the total arrival time
sion (described previousf)and are t_ransferr(_ad Into the source  sqqciated with transmission of the ions from the octopole trap
region of a refle_ctron_ geometry time-of-flight (.TOF) MasS 16 the detector is a composite of the time that ions spend drifting
spectrometer. Flight times, in the evacugtec_i flight tube are through the first- and second-drift field regions, the time required
shorter (on_ the order of lQ to 7/,&;)_t_han drift times (Ot 1_5 . to transfer ions into the TOF source and the flight time of ions
ms) associated with the jon mobility separation. Thus, it iS i, the mass spectrometer. Because we have used a split-field
possible to record drift and flight times using a nested it 1pe to record these data it is necessary to correct the data
approacH?3 The mass-to-chargen(z) ratios of ions are deter-

X AN ° : in order to determine experimental cross sections. Ideally, we
mined from a standard multipoint calibration and allow cluster |, ;.i1d determine the time spent in each region of the drift tube
sizes to be determined. In some cases, multiply chargedp, jndependently varying the voltage across each region:
multimers have identicain'z values (for different sizes and 5y ever, because of the relatively low signal associated with
charge states). In this system, as shown below, different seringy,g system, this was not possible. Instead, we determined
cluster sizes fall into distinct families according to their charge experimental cross sections by calibrating the instrument to the
state. This makes it straightforward to discriminate between ,nqwn cross sections of 38 structures ranging in size from 98

_+A]1’2E@Ll (1)
16 (n2|m m) L P 2732N

isobaric ions. A2to 3792 R with charge states ranging frofal to+21. The
Sample Preparation and SSI SourceL- and D-Serine known cross sections were used to obtain a best fit for a
(Sigma, 98% purity) and isotopically labeleghdserine (Cam-  parameter which is used as the effective drift tube length in eq

bridge Isotope Laboratories, 98% purity) were used without 1. From comparisons with known systems, we estimate that
further purification. All serine solutions were prepared in 49: cross sections derived in this manner are accurate to witBo

49:2 water/acetonitrile/acetic acid at a total serine concentration (relative error).

of 0.01 M. The SSI source is effectively identical in design to ~ Generating Trial Structures and Calculation of Cross

one described previousfyThe mechanics of ion formation in  Sections.Because of the large sizes of many of the clusters
SSI are somewhat different than in ESI and have not beenstudied here it is impractical to use molecular modeling
studied extensively. Unlike ESI sources, SSI utilizes no potential techniques (as described previouggh18.1921|nstead, trial

drop between the sample introduction needle and the instrumentgeometries for large clusters were generated from the crystal
entrance orifice. Because of this, none of the features associatedtructure of.-serine?’ Different sizes and geometries are isolated
with highly charged droplet formation in ESI are observed (e.g., from coordinates from a cube of crystalline serine. Once
there is no Taylor coné} Instead, the SSI source uses a high- constructed, these geometries were used for comparison without
pressure nebulizer to produce droplets (300 KalNa pressure  further structural refinement (i.e., energy minimization). Cross
of (~1 to 2) x 1C° Pa). The nebulized droplets evaporate in sections were calculated using the exact hard spheres scattering
order to form ions. In the present study, the serine solution was (EHSS) method?!

pumped into the nebulizer at 3.6 min~! using a syringe

pump. We note that the total ion intensity produced by SSI is Results and Discussion

about 2 orders of magnitude lower than the intensity produced |5, Mobility Mass Spectra for Serine Clusters Formed

from an |dent|cgl serine solution using ESI Other SSI sources by SSI. Figure 1 shows a typical two-dimensional ion mobility
have been optimized such that intensities are comparable to555 spectrum obtained upon SSI of a 0.01 M solution of
signals produced by ES{> L-serine. Several trends are apparent from this spectrum. Unlike
Determination of Experimental Cross SectionsThe mobil- data reported by ESI, we observe a broad distribution of cluster
ity of an ion through a buffer gas depends on its charge statesizes and charge states. These distributions are separated into
and average collision cross secti$rAs expected high-charge  well-defined families according to the different charge states
state ions usually have higher mobilities (for a givafz) than of the ions. The most intense peak in these datasets corresponds
low-charge states because they experience a greater drift forceto [8Ser+ H]; however, integration of the entire ion distribu-
The average collision cross section (under low-field conditions) tion shows that [8Ser H]™ comprises only~0.32% of the
depends on the ion shape and thus provides information abouttotal ion distributior-substantially less than is observed in other
structure. Under low-field conditions, ions are expected to instruments.
sample all orientations and alignment is expected to be minimal.  Figure 1 also shows several mass spectra that are obtained
Under these conditions, compact geometries normally will have by summing regions across the two-dimensional dataset (as
higher mobilities (shorter drift times) than more extended described previously) that correspond to individual charge states,
structures. There are some exceptions to this which arein this case the families of 1 to +4 ions. These mass spectra
associated with the details of the ioneutral collision. For are somewhat intriguing. For example, in addition to the large
example, structures with large concave regions (e.g., “cup-lik” peak associated with [8Ser H]", [mSer + H]" ions are
geometries) can have fairly large cross sectfns. observed form = 13 to 26, with the largest peaks associated
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Figure 1. Two-dimensional plot (left) of drift times(ms) and/z ratios for a sonic sprayed 0.01 Mserine solution. These data are obtained using

a nebulizer backing pressure ofxl 1(f Pa. The intensity of different features is shown using a false color scheme in which the least intense
features are represented in blue and the most intense features are represented in red. The mass spectra on the right were obtained by integrating
narrow slices of the two-dimensional data for each charge state family that is shown by the white dashed line regresents the charge state.

As shown, some specific cluster sizes have been labeled as a guide to the reader in the mass spectra. Some of thase §jdbda6, 17, 37,

40, and 41 monomer units for at least one of the observed charge states. See text for more detail.

with them = 15 and 17 sizes. We note we have not observed predictably with size, the present data for the serine system is
them =1 through 7m= 9 through 12, om > 26 sizes in any not consistent with this view. Even relatively large clusters may
of the datasets for the [mSer H]*™ family. Additionally, the have well-defined geometries. Several other molecular systems
distribution of sizes does not vary smoothly across all possible have shown evidence for favored geomet#igs223
sizes, as would be expected from statistically assembled clusters. Variability of Cluster Distributions.n a small number of
Instead, some sizes are missing completely and others such astudies we have varied the flow rate of the solution, a parameter
them = 14, 15, and 17 ions have intensities that stand out as that should influence the initial droplet size. Over a flow rate
especially prominent peaks. This is evidence that at least somerange of 2 to 4uL min~1, the overall distribution of clusters
of these clusters must not be assembled from random aggregaappears similar to the data shown in Figure 1. There are some
tion of monomer units. Specifically, it appears that at some point reproducible changes in the relative intensities of some cluster
in this system the abundances of the= 14, 15, and 17 sizes  sizes. The most notable of these is associated witmtiel
are enhanced relative to other= 1 ions. Presumably these distribution which appears to favor the = 15 and 17 sizes.
cluster sizes are stabilized because they adopt low-energy stabléJnder some conditions, the intensities of these ions can exceed
structures. the intensity of the octamera very different behavior than has
This type of behavior within the mass spectrum is more been observed by SSI previously.
difficult to assess for larger clusters which are observed for  Although we have no rigorous explanation for the differences
higher charge states; however, some reproducible structure inbetween instrumental parameters, it is likely that our source and
the data is apparent. Doubly chargedSer+ 2H]?" ions are interface conditions are slightly gentler than those used by
observed fom = 12 through 56; in this family, then = 16 others. The ESI source of the LCQ quadrupole ion trap mass
and 40 ions are a factor of at least 1.5 times larger than all of spectrometérconsists of a heated capillary (8C), whereas

the other peaks in this family. The triply chargedSer+ 3H]3" the source of the ion mobility instrument is at ambient

family is observed fom = 21 to 77 with them = 37 and 41 temperature. The observation of a single peak in the LCQ sonic
ions appearing as the most abundant species.mBerf 4H]J*" spray spectrudsuggests that less stable clusters might be
family is observed ovem = 44 to 88; nSer + 5H]°" is dissociated in the heated capillary. Additionally, as we have

observed form = 77 to 114 andpSer+ 6H]®" is observed reported previously, noncovalently bound clusters are often
for m= 113 to 136. Higher charge states and cluster sizes canobserved when mobility approaches are employed. These species
be observed in these datasets but are difficult to assign becausare often apparent as small features that fall below the level of
they appear as relatively low-intensity features. Although logic chemical noise that is typically associated with'z-only

may suggest that as the sizes of molecular clusters increase theneasurement&,

formation of aggregates having random geometries should Larger Serine Clusters. A question that arises in these
dominate, generating statistical distributions of clusters that vary studies is how large of a cluster can be grown by SSI. Upon
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Figure 3. A plot of cross section vs serine cluster size for various
charge states. See text for a detailed discussion of how cross sections
for different cluster sizes were obtained. The charge states are indicated
with various shapes, whefe represents<2), 0 (+3), & +4), x (+5),

and+ (+6). The serine cluster 131 is compared to three theoretical
cross sections which correspond to sphere, tile, and rod shapes as shown
in the inset of the plot (see text for detail). The theoretical cross sections
for serine cluster 131 are as follows: sphere, 1206tife, 1591.3

A2 rod, 1713.9 &

m/z

higher values ofr/zand there is evidence for clusters containing
more than 700 Ser units.

Cross SectionsFigure 3 shows experimental collision cross
sections measured for a range of cluster sizes. We start by noting
that the value of ([8Set H]™) = 190 A2 determined here agrees
with our previous measurement of 191.2 ffom ESI3d Thus,
it appears that SSI and ESI produce the same conformers. It

7 1 can be observed (Figures 1 and 2) that charge state distributions
dt (ms) of serine clusters are approximately linear under the conditions

Figure 2. Two-dimensional plot of drift times(ms) and/z ratios for in t_hese experiments, where clusters are grown systematl_cally.
a sonic sprayed 0.01 Mserine solution. These data are obtained using This suggests that the overall shape of the aggregates is the
a nebulizer backing pressure 0k210f Pa, a condition that appearsto ~ same for each of the charge state studied. Therefore, we found
favor larger cluster sizes. We have also acquired data over a differentthe best linear fit for the mass to drift time for each charge
mizrange, which extends to8000 Da. As a visual reference, we depict state, and used that fit to determine the cross sections in Figure
individual charge state families using white dashed lines. The value of 1. This enables a global analysis of the entire distribution in a

n corresponds to the charge state. The positions of several specific_. le fi but th i i hould b ded
cluster sizes are indicated with white circles. It is possible to resolve singié ngure, but the resufling Cross sections should be regarae

peaks corresponding to clusters with more than 600 serine units in @S Seémiquantitative. The results in Figure 3 suggest that the
several of the charge state families. See text for detail. serine clusters grow in a regular fashion. We speculate that the

growth mechanism involves the stepwise addition of sequential
refocusing our instrument and acquiring data over the appropri- layers of serine to similarly shaped structur@scondition that
ate range, we find evidence for some very large clusters. Figuremay favor sizes that can stabilize some structures.
2 shows thanwz = 3000 to 8000 region of this system. This To understand this system in more detail, several trial
dataset is typical of what this solution produces. Over this range, structures were generated for comparison with the experimental
we observe evidence for the = 1 to n = 10 charge state  results. Clusters of different sizes and shapes were obtained from
families (it is likely that higher charge state families also exist coordinates of a large cube of crystalline serine (homochiral).
at shorter drift times). A careful examination of the higte For example, spherical structures were obtained by inscribing
region of some of the higher charge states shows that there area region of the cube with a sphere of a specific size and the
distinct peaks corresponding to essentially every size clusterspherical cluster was isolated to the nearest whole molecule.
over a very wide range of sizes. For example, weak peaks Figure 4 shows an example of three different spherical cluster
associated with then = 27 to 37 sizes for thenfSer+ H]* sizes that were obtained with this approacty 701, 255, and
family can be observed. Clear peaks in tmaSpr + 2H]?" 131 with cross sections of 1200.62,41820.3 &, and 3403.7
family corresponding to clusters witm = 54 to 81 can be A2, respectively. We point out that these clusters have diameters
observed; however, weaker features beyond this size extend welthat range from~3 to 7 nm. The structures that are obtained
beyondm/z = 5000, indicating clusters wittn = 100 for this have been used without further minimization and thus are
charge state. Overall, we observe that larger clusters appear t@ssentially crystalline serine chunks. Figure 5 shows two other
favor higher charge states. Within the current limit of the structural types that we have considered tile- and rod-like
measurement that was made, distinct peaks could be observedieometries with cross sections of 1591.3 dnd 1591.3 A
for clusters containingn < 500. Although features were not respectively. We note that the structures that are shown are
entirely resolved, signals and trends extend to substantially arbitrary choices of a wide range of possible aspect ratios. This
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m =701
Figure 4. Spherical trial structures of serine, whenequals the number of serine units in the cluster. These structures were obtained by inscribing
a region of the crystal structure with a sphere of a specific radius and extracting all serines in which at least one atom fell within the applied
boundary. No further energy minimization was used. Calculated cross sections for these structures are reported in Table 1. See text for detail.

Serine Tiles

m = 131 (3 Views)

Figure 5. Tile and rod trial structures for serine cluster sime= 131. The theoretical cross sections of these structures are reported in Table 1.

TABLE 1: Experimental and Theoretical Cross Sections for It should also be noted that typically the exact hard spheres
Large Serine Clusters method for calculating cross sections overestimates cross
experimental calculated ratio sections relative to more rigorous calculations of cross settion
structure cross section  cross sectioh  (exptl/theor) by a few to as much as10% for some geometrié$ This level
Setiai(sphere) 1013 1200.6 0.844 of agreement is consistent with tightly packed spheres of serine;
Seriz (tile) 1013 1591.3 0.636 we rule out rod- and tile-like geometries.
Seis; (rod) 1013 1713.9 0.591 Assuming a spherical geometry, it is possible to determine
Sebss(sphere) 1577 1820.3 0.866 . . 3 .
Serox (sphere) 3066 3403.7 0.901 an _experlmental estimate of_l.? g cmm for the der_lsny of
. ) . serine cluster 1_31. Strictly, this experlmental value is an upper
Calculated using the exact hard spheres scattering rbdel. limit to the density of these clusters since we have not removed

is also reported in Table 1 and is included for comparison with contributions to the cross section from the buffer gas. However,
experiment in Figure 3. The best agreement with experiment is as noted, we anticipated that these effects are on the order of a
found for spherically shaped geometries when we compare thefew to at most 10%. The difference between the experimental
experimental cross section with the calculated cross section. Wecross section and the theoretical cross sectionli§%. This

note that the agreement becomes closer as the cluster sizellows for the experimental density 6f1.7 g cnm3 to be within
increases. This is likely due to the reduction of edge effects the error limits of the 1.43 g cnf value that was calculated
which vyield slightly larger cross sections for the theoretical from the crystal coordinates. Therefore, the serine clusters are
structures than for the un-minimized crystal spheres of serine. very closely packed, yielding a density similar to that of crystal
Edge effects are less pronounced for larger spherical serineserines. Overall, these results show that large clusters assemble
clusters as seen in Table 1. in tightly packed configurations.
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Figure 6. Two-dimensional plot of drift times (ms) ana/z ratios for a sonic sprayed solution of 0.01 M racemic serine solution, where the
L-serine is isotopically labeled by replacing the hydrogen in the threkl Bonds with deuterium. The mass spectrum on the right was obtained

by integrating a narrow slice of the data for thé& charge state family as shown by the white dashed line in the two-dimensional dataset. Specific
cluster sizes are shown in the inset to illustrate the splitting effect that was evidenced previously with serine octamers (see ref 3). The splitting
effect is clearly observed in the serine octamer indicating the homochiral preference. Another interesting aspect of this dataset is th#ipgrtial spl

of the [17Ser+ H]*. See text for a complete discussion.

Homochiral Preferences in Larger Clusters.As has been appears to have split into a doublet. While tin& resolving
done previously,we have examined the possibility of homo- power of the current measurement does not allow us to see all
chiral preference in these larger systems by SSI of solutions of the isotopic structure of these peaks, the shift between the
containing mixtures of- andp-serine (isotopically labeledsel centers of the doublets indicates that clusters containing either
L-serine is used for these studies). With this approach, cluster10p-Ser and 1.-Ser or 10_-Ser and D-Ser are favored. From
that assemble statistically (i.e., there is no preference for these data, the interpretation of this splitting is still somewhat
incorporating a specific chirality) should favor a distribution ambiguous. That is, the 10:7 ratio that is observed could indicate
of heavy isotope peaks that follow a binomial distribution. that this cluster assembles into a structure that favors incorpora-
Clusters that select specific chiral forms preferentially should tion of two chiral forms (in the 10:7 ratio that we have
exhibit distributions of heavy isotopes that deviate from this measured). Alternatively, we note that [LASH]™ may be
distribution. From the previous work on serihene expects displaying a relatively strong preference for homochirality. In
that the degree of chiral preference should depend on clusterthis case, the preference for homochirality would be disfavored
size. Recently, it has been shown that cluster size can influencefrom the low probability of assembling 17 serines of the same
the chiral preference of a clust®rAlso, we note that two types  chirality.

of deviation are possibtethose clusters that favor homochiral Finally, it is important to point out that in some datasets it
forms and clusters that can be stabilized by favoring heterochiral appears that some other cluster sizes may also be showing a
assemblies. preference for chiral-selective incorporation. We do not describe

Figure 6 shows a plot of a typical ion mobility mass spectrum. these results here because the low signals of these experiments
Overall, these data appear similar to thoselfserine shown  make the distributions difficult to measure in multiple replicate
in Figure 1. That is, peaks fall into charge state families and experiments. However, we are currently working to improve
the distributions of sizes and charge states are similar to thosepoth the signal and resolving power in these measurements so
observed upon SSI of one chiral form (i.e., the data shown in that this system and others can be examined in detail.

Figure 1). One obvious difference in the two-dimensional

datasets stapd:; out; the .[SSer H]* cluster appears as & gymmary and Conclusions

doublet-an indication of its preference to assemble in a

homochiral form. lon mobility mass spectrometry techniques have been used

No other peaks in this distribution stand out as clear doublets to examine serine clusters produced by SSI. The results show
in the two-dimensional dataset. However, a more careful analysisa broad distribution of clustersnS + nH]™* wherem ranges
of this system shows that some larger clusters appear to befrom a few serine units as is the case for B3] to greater
slightly enhanced in one chiral form. Most apparent is the [17S than 600. Comparisons of experimentally derived cross sections
+ H] ™" cluster. The mass spectrum for the= 1 family shows with values that are calculated for trial geometries indicate that
that the mass spectral peak for the [1#3H] " cluster (which large clusters favor tightly packed, roughly spherical geometries.
was found to be highly abundant in the data in Figure 1) also The cluster distributions for individual charge states suggest that
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a number of larger clusters may favor preferred geometries. The
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