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A. Samples

Experimental samples were imaged with the NanoSims (**Ti images shown as examples)
and observed by scanning and transmission electron microscopy (SEM and TEM). No diffrac-
tion patters of the Ti-rich material could be observed suggesting a non-crystalline nature of
the Ti-bearing phase. The nature of the Ti-bearing phase (TiN or TiC or Ti as an organic
heteroelement?) is therefore still uncertain so far. Figure SM1 shows at different scale, the
Ti distribution in the carbonaceous grains deposited on the silicon wafer. Analytical details
can be found in Reference 1.

FIG. SM1: “8Ti NanoSims ionic images and SEM micrographs. The image on the left shows a field
of pum size grains deposited in the carbonaceous layer of the silicon wafer. The NanoSims image
at the center shows, at higher magnification, the distribution of Ti in the grain presented in this
paper. Images have been smoothed by a moving 3 x 3 average, corresponding to 235 (left image)
and 35 nm (central image) spatial resolution. The SEM image on the right is a cross section of
the Ti-rich carbonaceous layer (50 nm) deposited on the silicon wafer where the grains appear as
bright spots (arrows).

* Correspondence to: Frangois Robert (francois.robert@mnhn.fr)



B. Experimental conditions of NanoSims analyses

Experimental products were gold coated and mounted on 1 inch holders. Analyses were
carried out using an O~ primary beam current of 15 pA (D1-2, 300 um diameter aperture),
with an accelerating voltage of 16 kV. Each analysis was preceded by 10 min presputtering
using a 100 pA primary beam (D1-1, 750 pum diameter aperture) rastered on the sample
over 30 um x 30 pum areas to eliminate any surface contamination. Secondary ionic species
of 12C+, 35CI+, 48Tit, 47Ti+, ®¥Tit, ¥Tit and 5°Ti* were then collected simultaneously on
seven electron multipliers in imaging mode. For high spatial resolution analysis, 42 frames
were recorded in approximately 20 minutes for a 3um x 3um area, divided in 256 x 256
pixels, with a dwell time of 400 us/pixel. The grain is located in the center of the area.
The thickness of the sputtered surface is of the order of a few tens of nanometers. In order
to adequately resolve isobaric interferences of Ti hydrides on Ti isotopes (e.g., ™™ VTiH
on "™Ti), the mass resolving power was set to 8000 (CAMECA definition). All the data
were processed off-line using the I'Image software package (L. Nittler, Carnegie Institution
of Washington, Washington, DC).

L' F. Robert, R. Tartese, G. Lombardi, P. Reinhardt, M. Roskosz, B. Doisneau, Z. Deng, M.
Chaussidon, “Mass-independent fractionation of titanium isotopes and its cosmochemical impli-
cations”, Nat. Astron. (2020) 1-7 DOI: org/10.1038/s41550-020-1043-1



Mass-Independent Fractionation of Titanium Isotopes

Francois Robert,'* Peter Reinhardt,? Romain Tartese®
L Muséum National d’Histoire Naturelle, Institut de Minéralogie,
Physique des Matériaur et Cosmochimie,
CNRS UMR 7590, 61 rue Buffon, 75005 Paris, France.
2 Laboratoire de Chimie Théorique, Sorbonne Université et CNRS UMR 7616,
4 place Jussieu, 75252 Paris Cedex 05, France.
3 Department of Earth and Environmental Sciences, The University of Manchester,

Ozxford Road, Manchester M13 9PL, United Kingdom

* Correspondence to: Francois Robert (francois.robert@mnhn.fr)



Forty years ago, the synthesis of ozone has revealed mass-independent fractiona-
tion (MIF) of oxygen isotopes. Among the numerous published interpretations of
this ozone effect, the present paper reports that a titanium MIF observed during
chemical reactions in plasma can be accounted for by one of these theoretical treat-
ments. A gaseous mixture of TiCly/CsHiz carried in a glass tube by a continuous
flow of Ny was submitted to a HF discharge. Carbonaceous grains, presumably re-
sulting from homogeneous condensation, show radial variations in Ti concentration
with isotopic variations ranging from —25 to +125% for all ™Ti/4¥Ti isotope ratios
(m standing for masses 46, 47, 49 and 50).

It is proposed that the reduction rates by carbon radicals, of the metastable
molecules formed by the isotope exchange reactions between Ti and TiCly are differ-
ent if they involve distinguishable or indistinguishable isotopes. A numerical simu-
lation reproduces the experimental isotope patterns defined by the ™Ti/*8Ti isotope

ratios.

PACS numbers:



I. INTRODUCTION

The discovery of the mass-independent isotope fractionation (MIF) of oxygen isotopes
in ozone'® has drawn considerable theoretical and experimental interest.* ?° However, no
consensus has been yet reached in the literature about the origin of MIF. Interestingly, a
similar isotopic distribution of oxygen isotopes was observed fifty years ago in the refrac-
tory minerals of the carbonaceous meteorites (usually referred to as CAls, Calcium- and
Aluminum-rich inclusions).?! These minerals are regarded as the first solids condensed at
1200-1600K in the early Solar System (the so called protosolar disk??).

For heavier elements such as N, C, Ti, Si etc., sub-micrometer grains isolated from me-
teorites have shown isotopic compositions having marked departures from mass-dependent
fractionation®*2® (MDF). These grains are referred to as ”presolar grains” and their isotopic
compositions attributed to stellar nucleosynthetic signatures.?> Note that, heavy element
MIF originally found in CAIs? were recently resolved at a much lower level of detection be-
tween planetary components.??33 These isotopic effects are attributed to nuclear processes,
i.e. to grains condensed in the envelope of dying stars3* over the age of the galaxy and having
survived the gravitational collapse of the protosolar disk. See a review of these data by.33:3

The recent ozone interpretation entailed the possibility that MIF effects can be also
extended to other chemical elements during oxidizing or reducing chemical reactions in
plasma.3637 Because these chemical conditions could be transposed to those at the origin
of the presolar grains, we have developed an experiment where chemical reactions mimic
those presumably responsible for the MIF effect in ozone.

Presolar grains are condensed at high temperature from their gaseous state in reducing
or oxidizing conditions. Because of the difficulty to reproduce experimentally these high-
temperature conditions in the laboratory, we have chosen to study the reduction of the
gaseous titanium chlorides during their condensation on grains in a plasma.

The MIF effect is usually illustrated in the diagram where the 2 isotope ratios 70 /0
and 0 /0 are expressed in their § units, that is
Rgple

std

50 (%0) = { - 1} x 1000

with R =™0/%0; “sple” and “std” standing for sample and standard and m for the mass

numbers 17 or 18.



The isotopic fractionation factor « is defined when the standard is the reservoir from

which the chemical products are formed:
0™O(%0) = [ae — 1] x 1000

In the usual theory, the mass-dependent fractionation (MDF) can be illustrated in the
S170(%0) vs. 680(%0) diagram. In this 3-isotope diagram, all isotope exchange reactions —
at equilibrium or not — should define a linear correlation having slope of 0.52.38 41 At a first
approximation, such a behavior is caused by the difference in mass between ¥0 and 16O
which is twice that between 17O and '60O. This property is common to all chemical elements
and observed in natural or experimental situations, in liquid or solid phase reactions. On the
contrary, MIF effects are characterized by a slope of ~1.0 in the §'7O(%0) versus 6*¥0(%o)
diagram.

In addition to the fact that MIF effects for oxygen isotopes are not restricted to ozone
(they have been observed in several atmospheric molecules??), recent experimental evidence
suggest that they can also be extended to other elements.”® For example, (i) the synthesis
of ammonia in the gas phase via the photochemical dissociation of Ny — has also yielded
a N selection in much larger excess than predicted by the classical isotope fractionation
theory** (ii) the condensation of organic matter from a plasma of CHy have generated an
unexpectedly large heterogeneous distribution of hydrogen isotopes?® or (iii) several effects
where isotopes are selected by their nuclear spins and nuclear magnetic moments.64 A MIF
for sulfur isotopes has also been widely observed in the oldest sedimentary rocks on Earth
and is interpreted as a signature of ancient atmospheric chemistry.*® As a whole, these
experiments and natural observations have revealed the importance of radical chemistry
triggered by molecular dissociation.

The MIF effect in ozone is characterized by two phenomenological parameters: « and
1, the MDF and MIF factors, respectively. Oxygen having only 3 stable isotopes, it is not
possible to identify individually o and n since the overall isotopic fractionation results from
the product a x n. Titanium having more than 3 isotopes, the diagram 6™Ti versus m (m
being the masses 46, 47, 48, 49 and 50) allows to remove this indetermination. A heuristic
and purposely simplified example is given in Figure 1 where it can be observed that « and
n can be defined for elements having 4 isotopes or more. Hence the choice of titanium (5

isotopes) in the present experimental study.



50 our results reveal that most chemical

Beside their possible astronomical implications,
elements are likely to show MIF effects similar to those observed in ozone. Since MIF is not
understood on a quantum-mechanical basis, it seems important to document experimentally

these chemical systems. This is also the purpose of the present study.

II. EXPERIMENTAL METHODS
A. Plasma

The formation of titanium nanoparticles from rapidly quenched plasma mixtures has
been experimentally observed and we follow these studies.?'*® According to one of the nu-
merous interpretation proposed for ozone,?”%® MIF effects take place when a fraction of the
metastable molecules (noted [Ti,Cl,|*) involved in an isotopic exchange is retrieved by a
chemical reaction. Contrary to thermal gases, in plasma, highly reactive radicals greatly
favor isotope exchange reactions. Our aim in using a plasma mixture of TiCly/ C5Hjy (pen-
tane) was to trigger the isotope exchange between Ti and TiCly followed by the retrieval
of the metastable [ClyTi-TiCly]* via its reduction with the carbon radicals resulting from
the dissociation of CsHjs (CIH;.)‘“’ The formation of organic Ti-rich films and grains was
achieved using a hyperfrequence (HF) excitation, forming a “plasma state”.*% Experimen-

tal conditions were reported by.45%0

B. Morphological structures of the deposits

Organic deposits in the plasma are formed by two main paths: (i) homogeneous coagu-
lation of grains, which generally generates sub-micrometric particles, and (ii) heterogeneous
growth of organic films due to a direct gas/solid condensation on the cold glass walls (60°C)
of the plasma reactor.

Organic matter (OM) was deposited either on the glass walls or on silicon wafers as
10-100 nm thick films (cf. Supplementary Material) located before, right at the center, and
after the discharge. The molecular structure of this OM was established in another study.5!
It consists of 1 to 4 aromatic ring families linked by short aliphatic chains. This structure
likely results from the progressive addition of C,Hj radicals causing a progressive chain

elongation, its closure in the gas phase and its condensation as aromatic moieties.? The



analytical technique (GCMS) used does not allow to identify the possible speciation of Ti:
metallic Ti, Ti chlorides or Ti as a heteroelement.

On the silicon wafers, organic grains up to 2 pum in diameter were sitting on top of the
amorphous OM layer. Elemental analyses show that both OM films and carbonaceous grains
are Ti-rich. The spatial distribution of titanium isotope ratios in one of these grains was
analyzed and is discussed in details in this paper. Bulk analyses on several other but smaller

grains are reported in Ref. 50.

C. Isotopic analyses

The Ti isotope composition of experimental products was measured using the CAMECA
NanoSIMS 50L at The University of Manchester. This instrument is an ion microprobe
optimizing SIMS analysis for high spatial resolution. The surface of the solid sample is
sputtered with a focused primary ion beam and the secondary ions ejected from the sample
surface are collected by mass spectrometry. Isotope ratios were recorded in a rastered area
of 3 x 3 um in size. A grain was analyzed in details; data are reported in Table I where '2C,
35Cl and *®Ti ion intensities are given in counts per second and the ion image have been
divided in 6 zones based on “8Ti threshold. In this image made of 256 x 256 pixels, isotopic
variations were resolvable with a spatial resolution of ~200 nm and with an analytical depth
of 210 nm. The grain (=2um in diameter) is sitting at the center in the ion image (cf. Fig.
1SM, Supplementary Material).

The statistical error (£ 1sigma) on isotope ratio is defined as 1/4/n with n the total
number of ions detected by the mass spectrometer. Analytical conditions are reported in
Ref. 50 and in Supplementary Material. The isotopic data (Table I) for the grain are reported
in the 0™Ti(%0) units with m standing for the mass numbers 46 to 50.

A terrestrial organic synthetic powder (cyclopentadienyl-titanium dichloride) was used
as a standard. Tt has been verified by mass spectrometry (ICPMS®) that the standard has
the natural isotopic abundance of Ti i.e. 6™Ti = 040.1%0 at all masses. The correspond-
ing isotopic ratios are 0.1119, 0.1009, 0.07339, 0.07027 for 4Ti/4¥Ti, 47Ti/4Ti, 49Ti/*Tj,
9T /48T, respectively.

No analytical isotope effect was detectable at the level of our precision, i.e. for repro-

ducibilities of +5.5, £4.8, £5.1 and £5.7%0¢ for 64°Ti, 647 Ti, 6*°Ti and 6°°Ti, respectively



(20 errors, 42 analyses bracketing the samples).

III. RESULTS

A 50 nm layer of organic matter was deposited on the silicon wafer located downstream
of the plasma. Numerous carbonaceous grains were observed deposited on top of this layer
(cf. the figure in the Supplementary Material). Their bulk analyses reveal a lower Ti con-
centration than the organic layer but with systematic enrichments or depletions in *Ti by
several per cents.’® In the grains, the 46Ti, 4"Ti, 4°Ti, *°Ti isotopes are not fractionated
relative to each other (Table I).

The data for a grain analyzed in detail are also reported in Fig. 2. Error bars combine
the statistical errors and the reproducibilities determined on the standard (= +6%o at all
masses).

Positive and negative MIF effects were observed at all masses and for all concentration
ranges. The 0™Ti increases from —250%0 to +1250%0 while the Ti concentration decreases
from the border to the core of the grains. At the image bulk scale, the mass balance is
partially achieved (i.e. ™Ti(%c)= 0) with a residual fractionation of +33%, +61%o, +62%o
and +92%o for m =46, 47, 49 and 50, respectively. In the diagram shown in Fig. 2 all types
of known MDF fractionations in natural samples are limited to a few %o with strictly linear
correlations. The slope of these linear correlations gives the MDF factor expressed per mass
unit (cf. Fig. 1). Within the precision of the data, no MDF effect is observable between the
different patterns.

Without a proper chemical calibration (not done in the present study) elemental ionic
analyses with the NanoSims are not quantitative because the emissivity of each element
varies with its electronic affinity and with the chemistry of its embedding matrix. Some
qualitative information can nevertheless be extracted from our analyses. In the synthetic
standard the Ti/C and Ti/Cl atomic ratios are 0.1 and 0.5, respectively. The corresponding
BT+ /12CT and *#¥TiT /3 CIT ionic ratios are (8.7+1.5) x 10? and (4.1£2.1) x 10%, respectively.

In the grain, the TiT/*CI™ varies from the surface (4 x 10%) to the core (3 x 10?)
with no significant variation of the ®Tit/12CT ratio (= 2 x 10%). Thus, the core has a
stoichiometry close to TiClyio while the surface has an excess of Ti atoms. The bulk grain

has a stoichiometry close to TiCs1s (i.e. an atomic ratio titanium to carbon twice that of



the synthetic standard).

IV. INTERPRETATION: ORIGIN AND FORMALISM OF MIF EFFECTS

Several questions are raised by these results, namely: (i) what is the physical origin of
MIF, (ii) what are the chemical reactions involved in the effect, and (iii) what mechanism

accounts for the radial distribution of titanium isotopes in grains.

A. Origin of the effect

As observed for the isotopomers of ozone (up to +500%¢ for O¥0™®0)?), the isotopic
fractionation for Ti MIF is 2-3 orders of magnitude (in %o) higher than generally measured
in natural or experimental samples.*!

Two classes of interpretations for the MIF effect in ozone have been proposed in the
literature. They involve either (i) the differences in the isotopic exchange rates caused by

differences in the symmetry of the metastable molecule!?12:15:16

or (ii) the higher degree of
symmetry of scattering cross sections involving indistinguishable isotopes relative to those
involving distinguishable isotopes.®”%® Both effects yield the same formalism for the MIF
model developed in this article. Note that magnetic isotope effects?64” (MIE) also yield
mass-independent fractionation. The present results allow to reject the hypothesis of a
nuclear spin control on the chemical reaction because the 4 isotopes 4Ti, 4"Ti, 4°Ti and 5°Ti
show the same MIF factor although “Ti, **Ti and °°Ti have zero nuclear spin.

758 calling upon the property of the scattering

We now summarize the interpretation
cross sections involving indistinguishable isotopes.
The formation of TiTiM goes through a formation of a metastable complex [Ti;M]|* (M

standing for a chemical bound) with an associated average lifetime 7
TiM + Ti — [TieM]* — Ti+ TiM (1)

If isotopes are distinguishable as in classical scattering processes, this average lifetime is

B ff:in T f(T)dr
NG )

Tmin

ll

with some distribution functions f(7), and a minimum lifetime 7,,;,. Beyond this minimum

lifetime 7y, [TiaM]* is available for a subsequent chemical reaction; below this threshold,



[TisM]* spontaneously dissociates as in reaction (1). We now look at lifetimes of a complex
[TioM]* longer than 7.
We may split 7 in two parts, one arising from scattering with isotope exchange (R), and
one without (NR):
T=ymr+(1—-y)r (3)
Thus:
ffo:in 7 fr(7)dT

T R dr W

and, consequently,
fTTrolin fR(T) dT (5)
Y=+
Joo (fr(7) + fur(7)) dr

with a corresponding construction of 7wr. From (classical) scattering simulation we may

obtain the distribution function f(7) in its two parts, fr and fyg. Suppose further that we
can express the dimensionless y as:

Vi
YrPr + YnrPar

y (6)

with a “probability” P and a “relative abundance” Y, both positive and Y obeying Yr +

Yxr = 1. Y then stands for the fraction of exchange involved in the formation of [TiaM]* :

_ fooo fr(7)dr
Jo” (fe(7) + fxr(7)) dr

while y stands for the fraction of exchange reactions taking place during the chemical reaction

of [TigM]*.65

Yr (7)

If we have now indistinguishable isotopes, we cannot assign any more R and NR, but
should deal with a (quantum-mechanical) superposition of both processes. The simplest
modification of the classical scattering processes is to average Pr and Pyr to a common
value which then yields y = Yg. The average lifetime 7y,q;5¢. for [TieM]* formed by reactions

between indistinguishable isotopes becomes:

Tmdist. = YR TR + (1 — YR)TNR

= (1= Yxr) 7r + YNRTNR (8)

showing the symmetry of the two different R and NR processes — we may have started

equally well by defining Yxg.
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The two processes (between dist- and indistinguishable isotopes) are schematically com-
pared in Figure 3.
If masses of the isotopes were all equal, we obtain from the reaction rates the mass-

independent fractionation factor as the dist- to indistinguishable lifetime ratio:

n=— . (9)

77—indist.

which we apply as well here, bearing in mind the approximation. However, in the case of
ozone a reasonable 7,,;, had been determined which, inserted in the described procedure, led
to most of the experimental results.

As discussed in the next Section IV B, in the case of TiCly, we should expect a value of n
of the order of 4 in order to reproduce the maximum MIF effect observed in the core of the
grain. From the insertion reaction of Ti into TiCl, this may be a reasonable value, as the
isotope exchange via the intermediate formation of Cl,Ti—TiCls is quite difficult with respect
to the formation of associative complexes Ti—(TiCly) and since the intermediate complex
will probably be formed in an excited triplet state (Ti(*F, triplet) + TiCly(singulet)), and

not in its singlet ground state.

B. Chemical reactions at the origin of MIF's

The MIF effect observed here is attributed to the reduction of the metastable complex
[CloTi—TiCly]* in the presence of the radical C,Hj resulting from the dissociation of pen-
tane.

We may think then of a reaction process as

‘Ti + JTiCly — ['T¥TiCly)* (k) (10)
['THTiCL]" — ITi + TiCl, (kp) (11)
[lTIJTICLL] - +n CIH; — 7"Tl]']jlcnxl—lny +2 ClQ (kChem) (12)

Equations 10,11 and 12 should be regarded as the simplest reactions able to produce a long
lifetime complex. However, kinetic calculations® show that a variety of titanium chlorides
are formed by the dissociation of TiCly and, in our reaction scheme, isotopic exchange
(reaction 11) can also occur between these different species. However, TisCly being formed

by two stable TiCly should have a longer lifetime likely enhancing the isotopic exchange.
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In the same spirit, the molecule C,H} stands for the numerous carbon radicals resulting
from the dissociation of pentane and that can all participate to the reduction of the complex
['Ti/ TiCly]*.°25*An example of such a complexity is given by.?®

In a plasma, the Ti atoms are produced by the electron impact dissociation of TiCly that
subsequently reacts with another TiCl; molecule, overabundant in the gas phase. Reaction
(10) describes this subsequent reaction forming the ['Ti’TiCl,]* metastable molecule with
the rate constant ky (f for formation). The superscripts ¢ and j stand for isotope mass
numbers.

Reaction (11) represents the spontaneous dissociation of the metastable molecule where
the inverse of the kp (D for dissociation) stands for the lifetime of the molecule: 7= 1/kp.
In the reaction (11), an isotope has been exchanged between Ti and TiCly but the same
reaction (11) can be written with no exchange. As reported by Murphy et al,®® Ti atoms
condense from the gas phase as metallic nanoparticles.

Reaction (12) corresponds to the possible stabilization of [T/ TiCl,]* by a subsequent
chemical reaction forming a solid organic product T Ti~ C.H,. Note that, according to the

theoretical analysis of Marcus®”

on reaction rate constants, the isotopic exchange reactions
(10) and (11) take place on the surface of the grain and not in the gas phase if the density
of the reactants is too low. In this respect, the reaction (12), contrary to the formation
of ozone, is not a three body reaction but a chemical reaction of the metastable molecule
[T TiCly]*.

As mentioned in Section IV A, the MIF is produced by this chemical scheme because two
channels are open for the subsequent reactions of the metastable molecule. We now develop
a phenomenogical approach to mimic the MIF patterns that are observed in the §™Ti(%0)
vs. m diagrams (Fig. 2). In this approach we assume that all isotopic processes involved in
isotopic exchanges are mass-dependent.

Neglecting the possible pressure effect (as documented for ozone), the rate constant r(12)

for the reaction 12 is:

Ur(12) = “k; X “kcpem X T (13)
In this formalism, “r is defined for 7 > 7in and stands for the averaged lifetime of the

metastable isotopomers available for the subsequent chemical reaction via the reaction 12.

For 7 < 7., the metastable isotopomers spontaneously dissociate via the reaction 11.
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In our data, isotope ratios are normalized to *Ti. Hence, the rate constant ratio “f =

Ur(12) /48 %r(12) is:

Uf = 48—48 :kf X4sil€80hem & i]:s-zx - 48i—jz];f 4:];5 o 48ij47 - ijakf x "y (14)
F X kChem X 871 k¢ K Chem 81

with “p = 4r /48487 and Yo the MIF and MDF factors respectively (the subscript I in 7

stands for indistinguishable). We assume that the &y and kcpen, ratios are mass-dependent

and thus their product is also mass-dependent; hence a unique notation “ay ; standing for

the product of the two ratios. It was shown experimentally and theoretically®!* that “n

contains also a MDF term; hence the introduction of :
Uy = Qo X1 (15)
The rate constant ratio becomes:
uf = ijozkf ><ijog77 X 1 (16)

Under the form of equation 16, 1 is (almost) constant®® (mass-independent) and depends
only on the threshold value 7,,,;, that dictates the split between the reactions 11 and 12.
The variations of any MDF factor usually reported by the o notation, can be mimicked

numerically with a parameter b which dictates the magnitude of the MDF?3S:

Yow = [#i—j]b/[ﬂ48—48]b (17)

with p the reduced masses of the reactants.

In this phenomenological approach, for ¢ = j, n = 1 (since n = 77/77). When n = 1, “f is
mass-dependent, and mass-independent for n # 1. n varies with 7 and n = 1 (7 = 77) when
the 7’s are integrated over the whole Boltzmann distribution; in this situation, one of the
two channels is closed. Note that, contrary to the classical MDF treatment, an additional
mass-dependent term “q,, remains in “f even for n = 1.

In the usual MDF theory, the fractionation factors are defined as the rate constant ratios
of isotope exchange reactions. The relative abundances of each isotopes drop out in these
ratios. This is not correct for MIF because, in a scrambled situation, all the possible reactions

participate to the overall fractionation with different weights when 7 = 1 or when 7 # 1.
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The isotopic fractionation factor is not anymore the rate constant ratio, but instead the
reaction rate ratio.

In the isotopic reaction rate ratio (noted ¥ R in eq. (18)), the density (or partial pressure,
noted as concentration [Ti]) ratio of each isotopic species can be replaced by their relative

abundance ratio (or molar fraction):

ZTI X 7]:‘1614 ”]‘C X ijkChem X ij7'
f
[48Ti] X [48I‘1014] 48—48]{:]0 X 48—48kChem X 48—487-I
x(i) X x(j) y
— 1, 1
2(48) x z(18) < 7 (18)

The overall isotopic fractionation factor is then the sum of all the possible rate ratios ¥R,
i.e. the sum of the contribution of all the possible isotopomers. Titanium having 5 isotopes,
there are 25 possible reactions between the 5 isotopes of titanium. From equation (18) and

(16), the analytical solution for the overall isotopic fractionation factor % is:

i—48, _ ("Ti/*Ti) _ sy [1+2(i)(n~" —1)] (19)
(“Ti/*¥Ti)o [1+2(48)(n~t —1)]

(“Ti/*8Ti), is the isotopic composition of the reservoir from which the products of the reac-
tion (12) are fractionated. The MDF factors “ay, ; and "I, do not appear individually in the
formalism of eq. (19) but are gathered in “~*,;p. Under these conditions, equation (19)
is exact on a large domain of variations. This equation is also correct for all the chemical
elements, provided no other mass-independent effects take place during the formation of
metastable molecules such as those reported in Refs. 46-48.

The model reproduces the 4 isotopic compositions (&~ +1250%¢) with a single value of
the parameter =4 (with ap;p=1 i.e. with a MDF fractionation negligible compared with
the observed 0™Ti=~ +1250%0¢). Such a numerical result reinforces the validity of the
model, and thus the MIF effect initially identified in ozone for oxygen isotopes seems as well
responsible for the present data on titanium isotopes.

Note that the isotope effect is the same at all masses although the different isotopes of Ti
have different nuclear spin values. This is an indirect evidence that the quantum interference
terms between P and Pyr are negligible (as assumed by the MIF model®” and verified by
theoretical calculations.5).

Note also that the isotopic abundances are approximately the same for the 4 isotopes

464749505 (2 5%); hence the close values for the 46:47:4959~48, values. However, this is not
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the case for other chemical elements, implying that each element should exhibit its own MIF

pattern. This dependency on isotopic abundances represents a test for future experiments.

C. Isotopic constraints on the homogeneous condensation process

As theoretically predicted by Marcus for oxygen isotopes,” the present results confirm
that the homogeneous condensation of grains promotes MIF effects. In addition, using the
measured isotopic variations, it is possible to reconstruct the mechanism of grain growth.

As most other grains®®, the grain reported in Table I does not fulfill an exact mass balance
(i.e. a 0™Ti = 0%0) with bulk 6¥Ti= 33.2%¢ 4- 4.9, 6*"Ti= 61.1%0 + 4.7, §*9Ti=62.9%0 + 4.6,
59Ti= 92.4%044.6. Contrary to the grain reported in this paper, most grains do not exhibit
a bulk value close to 0%0£100.%° It can then be supposed that an important fraction of the
grains are mechanically stripped by electron impact during their stay of the silicon wafer.

The variations in 0" Ti(%o¢) from the core to the surface (from positive to negative values)
can be accounted for by several models i.e. distillation of a single reservoir, variations in the
MIF factors or mixing models.

However, several constraints must be fulfilled by the model, namely: (i) the various
correlations between d™Ti and §%°Ti (Fig. 4) (ii) the variations between 6™Ti and the Ti
concentration within a single grain (cf. Table I) and (iii) the maximum and minimum §™Ti
values reached in the core and at the surface of the grain, respectively.

Taking at face values the maximum and minimum of the measured 6™Ti as those of
the two end-members (i.e. +1250%0 and —250%0¢ for §*¢474950T1) a simple mixing model
reproduces the observations (Fig. 4). In this model it is assumed that the core is progressively
embedded by the growth of carbon-rich layers whose titanium isotopic compositions are

around —250%0. The variations in Fig. 4 are then dictated by the mass balance:
0=z 0"Ti(> 0%0) + (1 — z) d™Ti(< 0%o) (20)

The x variations mimic the various correlations between 6™Ti and §*5Ti (Fig. 4).
These variations in the x value for each layer of the grain can also be calculated using

the Ti concentration in the core (8.32 x 10%) and in the layers ([Ti]) as:

x = (8.32 x 10%)/[Tj] (21)
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with 8.32 x 10? expressed in the units of the counted **Ti ions per second (cf. Table I). As
shown in Fig. 5, the calculated (20) and measured (21) z values are in reasonable agreement
(m = 46 is shown as an example).

No other models have yet been found that satisfy the data. Therefore, we conclude
qualitatively that two chemical speciations of Ti exist in the plasma: **Ti-depleted TiCl,
(or metallic Ti + Clp) and a **Ti-rich Ti bound to carbon. It is the mixing of these two
phases that produces the observed isotopic variations between grains, and within a single
grain. As a consequence, this isotopic partition is likely dictated by the ratio of the two
channels written in the reactions (11) and (12).

If correct, ~20% of the metastable molecules spontaneously dissociate to form TiCl,
while ~80% react with carbon (as 0.2 x (+1250) + 0.8 x (—200) ~ 0%o).

The suggested large n value (n = 4.0) is still compatible with the effect involving the
reaction between indistinguishable isotopes. Although it is not attempted here to calculate
the n factor explicitely through classical trajectory simulation for the present experimental
conditions, the possible range of 1 values can be estimated by analogy with the numerical
procedures developed for ozone.

Taking eqns. 9, 3 and 8

_ Tas. _ Yr+(—y) 7w _ ¥ (Tr/7vr) + (1 —y)
Tmdist. Y Tr+(1—=Y)Tyr Y (Tr/7nr) +(1-Y)

(22)

we may estimate the involved parameters. y, the relative contributions of exchange and
non-exchange reactions, should be below 0.5 (in total there should be more NR collisions
than R, with a limit of 1/2 if the minimum lifetime 7,,,;, — 00). 7 is observed to be around
4, and the ratio of average complex lifetimes in the collision Ti + TiCl; — Ti,Cly — Ti +
TiCly should be large, reflecting the difficulty of an insertion with subsequent emission of a
Ti (not just an elastic collision). Let us take k = 7r/Tngr = 15. From the three equations
mentioned we obtain

—1
y(n,Y,k)zn—_lJrYX'rz > Y xn (23)

We see immediately that Y, the ratio of overall collisions R and N R, should be quite small,
not larger than 0.02, which yields y = 0.294 which still seems quite large. Which values to

take may be subjet to explicit collision simulations.
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V. CONCLUSIONS

The titanium isotopic fractionation observed in a plasma for the reaction TiCly+pentane
follows the empirical rules observed for the oxygen MIF observed in ozone. Therefore, this
MIF mechanism seems to describe a general behavior of isotopic exchange reactions coupled
with a chemical removal of the metastable molecules involved in this isotopic exchange.
This conclusion should, however, be tested with other chemical elements. It may have
profound implications on models developed to account for the formation of solids during
the formation of the Solar System. A theoretical treatment to reconcile the classical physics
approach developed in this paper with more rigorous quantum mechanical principles remains

a challenging open issue.
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FIG. 1: Schematic example showing that in a 3 isotope system (oxygen as an example), it is
not possible to distinguish between the MDF and MIF contributions (« and 7, respectively) in
the overall isotope effect. This uncertainty is resolved for n > 3 isotope systems (titanium as an

example).
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FIG. 2: : Distribution of the titanium isotope ratios "Ti/4Ti in an organic grain deposited from a
TiCly/pentane plasma. Units are §™Ti(%o) with m standing for 46, 47, 48, 49, and 50 mass units.
Error bars (+10) are indicated for the highest and lowest isotopic patterns where they are larger
than the symbol size used for the data . On these two patterns, error bars are approximately the
same for all the masses (cf. Table I for more precise values on error bars). The 6" Ti(%o) values
measured in the same domain of concentration are connected by broken lines (solid or dashed).
These domains of concentrations correspond to a spatial distribution in the grain with the lowest

concentrations associated with the higest 6" Ti(%o) in the core and vice versa for the surface.
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FIG. 3: The principle for the calculation of the isotopic fractionation involved in the formation
of the intermediate metastable molecules [ABM]* (A4+BM) or [AAM]* (A+AM) is schematically
shown in the figure. A and B designates two isotopes of the same chemical element and M is a
chemical bound. ”Chem” designates a chemical reactant with [ABM]* or [AAM]*. When isotopes
are indistinguishable, one cannot decide if the incident A is in the chemical product AAM or is

emitted as A by the spontaneous dissociation of [AAM]*.
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FIG. 4: 6™Ti(%0) versus 66Ti(%0) for the different regions of the grain (m standing for 47, 49 or

50). The dashed line is the calculated mixing line between two end members having §™Ti(%0) =

+1250%0 and 0™ Ti(%0) = —250%0, corresponding to the maximum and minimum measured §™Ti

values.
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FIG. 5: The calculated and measured relative mixing fractions of two end members having §™Ti =
+1250%0 and §™Ti = —250%¢ are compared. The progressive decrease in §*Ti(%0) from the core
to the surface of the grain is caused by the progressive addition of *®Ti-depleted organic Ti in a

48T4-rich Ti phase.
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2¢ 3501 BT §T1 +10 6YTi +10 6*Ti 6Ti +1o 6°°Ti +lo

Surface 8.24E+00 5.49E+00 1.24E+04 —192.1 48 -213.6 70 0.0 —220.6 49 -—249.9 51

4.19E4-00 1.47E400 9.62E4+03 —144.0 14 -—-156.7 25 0.0 —-156.2 17

—147.0 20
4.16E+00 7.80E—-01 7.24E4+03 —-91.6 8 —66.8 6 0.0 -623 &8 —-33.0 8
3.32E+00 7.40E-01 5.07E+03 111.2 9 1331 6 0.0 1360 7 1679 7
1.90E+00 9.10E—01 2.71E+03 244.5 26 3448 16 0.0 3245 18 366.8 25

Core 6.50E—01 2.59E+00 8.32E+02 1241.0 143 1284.4 154 0.0 1180.5 176 1204.3 180

Bulk 3.29E+00 8.75E—01 5.39E+03 33.2 4.9 61.1 4.7 629 46 924 46
TABLE I: Distribution of §™Ti(%¢) and of the C, Cl and Ti relative concentrations expressed as

the number of ions counted per second in an ~2um diameter grain (the rastered NanoSims image

is a 3 x 3 um square).



