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Isotopes of heavy elements are produced in various amounts by nuclear processes in
stars’2, Consequently, the presence of isotopic anomalies in the Solar System is
considered to reflect the presence of presolar grains condensed in previous generations
of stars’. For oxygen however, the major rock-forming element, it has been shown that
physico-chemical reactions applicable to the presolar cloud or the protoplanetary disk
were a possible source of isotopic variations due to mass-independent isotopic
fractionation (MIF)#5. Here we show that MIF effects are not restricted to oxygen but
can also be produced for titanium. Titanium-rich grains experimentally condensed from
a TiClyg)-CsHiz) plasma exhibit MIF effects from -30% to +120% for all Ti isotopic
ratios. These large titanium isotopic variations follow the model developed for oxygen
MIF6 and mimic the Ti isotopic anomalies observed in some presolar grains. This effect
is ascribed to the reactions between indistinguishable isotopesé. It could contribute to the
complexity of isotopic anomalies observed in Solar System materials’.7-/4,

Oxygen isotope systematics is often utilized as a typical example of mass-dependent
(MDF) and mass-independent (MIF) isotopic fractionations. In planetary materials, when
abundances of the three oxygen isotopes 16:17.180 follow a MDF process they define-the “slope
0.52” relationship 8170 ~ 0.52 x 3180 (8O in %o given by [(Rspie/Rstd) — 1] x 103, with R =
m(Q/160); sple and std standing for sample and standard, respectively, and m for the masses 17
or 18)/5. However, in Calcium-Aluminum Rich Inclusions (CAls) and in insoluble organic
matter of the carbonaceous meteorites, O isotope variations are characterized by a slope ~1 in
the 0170 versus 0!80 diagram’ /6. No consensus has yet been reached on the nuclear or
chemical origin of the “slope 1” line!”. Two types of physico-chemical processes have been
proposed to account for the production of MIF in the protosolar nebula (PSN) or in the
molecular cloud predating the formation of the PSN: either self-shielding of CO gas under
UV irradiation/$ or a selection of 1O by chemical reactions similar to those involved in the
synthesis of ozone#’. In addition, CAls contain numerous MIF (reported as “isotopic
anomalies” to distinguish their nuclear origins) for other chemical elements/.2. These
anomalies are more prominent in presolar grains containing stellar nucleosynthetic
signatures’-/4.

The presence of these presolar grains in the PSN is considered to be the source of all the
isotopic anomalies observed in meteoritic and planetary material. However, the co-existence
of oxygen MIF and isotopic anomalies in CAls questions the possibility that some isotopic
anomalies, in presolar or solar objects, could have a MIF origin. No chemical reaction has
ever been shown to be able to generate MIF for heavy elements such as Ti, Mo, Cr, or Ca.
Here we investigate experimentally whether MIF could be produced for Ti during gas phase
reactions analogous in their mechanism to the formation of ozone.

At their high temperatures of formation, presolar grains or CAls and their precursors, are
under their gaseous state’?. Because of the difficulty to conduct experimental photochemical



reactions in these conditions, we have chosen to study the reduction of gaseous titanium
chloride TiCls during its condensation on grains after its dissociation in a hyperfrequency
(HF) plasma. In this respect, our aim was not to reproduce the canonical chemical and
physical conditions of stellar envelopes or of the PSN, but to transpose to a Ti-bearing
gaseous environment the physico-chemical conditions derived from the interpretation

accounting for oxygen MIF in ozone6.20.

The experimental apparatus has been described previously?’. The vapor pressure of
TiClsa:CsHiz (1:2) liquid solution (see Methods 1 for the role of CsHiz) was leaked in a N>
flow gas at =1 mbar ([TiCls-CsH12]:N2= 1:1). The plasma was maintained stable by dynamic
pumping of a cylinder glass tube (@ = 1 cm, / = 10 cm) subjected to a HF discharge at 2450
MHz. Ti-bearing films of organic matter (OM films) were observed to deposit either on the
glass walls or on the silicon wafers (as 10-100 nm thick films; see Methods 2 and
Supplementary Figs.1 and 2) located before, right at the center, and after the discharge (with
corresponding samples referred to as Upstream, Central, and Downstream). On Downstream
wafers, organic Ti-Cl rich grains up to 2 um in size were found to sit on top of the OM films.

While OM films form by condensation on the cold glass walls (= 60 °C), these spherical
organic Ti-rich grains are considered to form by homogeneous condensation in the gas phase.
A discussion on the chemical composition of these experimental products can be found in
Methods 2. The Ti isotopic compositions were measured by NanoSIMS. Analytical
procedures are reported in Methods 2 and 3 and Supplementary Information 2. Results are
reported in Table 1 in Methods and in Supplementary Information 3 for 3 different
experiments (FR2, FR4 and FR5).

Overall, positive and negative Ti isotopic anomalies are observed at all masses in all
samples except in FR2 Upstream wafers. A few illustrative Ti isotopic patterns are reported in
Figs. la-d, where 0”Ti are plotted versus the isotopic mass number m. In these diagrams, all
types of known MDF should be limited to a few %o and should strictly define linear
correlations. During experiment FR2 (Fig.la), no grain was formed and the OM films
deposited on the wafer downstream of the plasma show limited isotopic fractionation. In
upstream regions (Fig. 1b; FRS5), MDF of Ti isotopes in OM films exists, likely reflecting the
process of condensation (6" 1Ti > 6™Ti). However, in a few analytical spots, MIF appears in
isotopic patterns. On a central wafer (Fig.1c; FR4) both positive and negative 87 Ti values are
observed with clear departures from a pure MDF pattern, with one analyzed area having
negative 07 Ti values at all masses (46:47.49.50T1). In downstream regions (Fig. 1d; FRS), the
spherical Ti-rich grains are characterized by large Ti isotope variability, with both positive and
negative anomalies, at the micrometer scale. A high-resolution analysis of one of these 2 um
size Ti-rich grains is shown in Fig.2b and Table 1 in Methods. Numerical analysis of the ion
image shows that negative 0mTi values are associated with the surface of the grain while

positive 0”Ti values are concentrated in the core. The d”Ti values increase from ca. -200 %o



to ca. +1200 %o while the Ti concentration decreases from the rim to the core (Fig.2b). At the
image bulk scale, the MIF are much weaker (Table 1 in Methods), indicating, based on mass
balance, that Ti condensation was nearly total during this experiment. This radial change in
dmTi may reflect two chemical regimes of condensation.

All the measured isotopic variations are reported as 050Ti vs. 84Ti in Fig. 2c. In this
Figure, the Ti isotope variations for the different areas of the grain investigated in detail are
noted from 1 to 6, and refer to the data reported in Table 1 Methods. The theoretical MDF
(slope = -1.16) and MIF (slope = +1.04) slopes are shown as reference lines calculated by the
prescriptions proposed by Robert?? (see Methods 4). A blow-up of the Fig.2 (cf.
Supplementary Fig. 4) shows that for small variations (£40 %o), 0™Ti variations roughly
define a mass-dependent relationship. The consistency between observed MIF and theoretical
predictions is also clear in a Fig.3 showing the §7Ti variations for masses 46, 47, 49, and 50.

As suggested by Marcus??, the surface of a growing grain acts as a concentrator and is
characterized by entropic effects higher by several orders of magnitude relative to the gas
phase, thus increasing the rate of isotopic exchange at the surface of grains. In the present
experiment, we propose that, at the surface of the grain, the metastable molecules [CL'Ti...
ITiCl2]*, formed from reactions with Ti resulting from the dissociation of TiCls in the plasma,
are deactivated by the reaction with the organic carbon radicals (CH2*) produced by the
molecular dissociation of pentane:

TiCla +iTi — [CL'Ti...JTiCL]* — TiCls+'Ti (1)
[CL'Ti..JTiCL]* + CH* — WTi-CHx + ... )

where i and j stand for any isotope mass number from 46 to 50.

Two types of interpretations of this MIF effect for O isotopes in 0zone have been proposed
(see Supplementary Information 5). They involve either (i) the molecular symmetry of the
metastable molecule 23-25 or (ii) the higher degree of symmetry of scattering cross sections
describing the encounter between two indistinguishable isotopes (i.e. i = j) compared to those
between distinguishable isotopess (i.e. i # j). Both effects lead to the same numerical
formalism for MIF patterns. Neglecting as a first approximation the mass-dependent terms
(a’s = 1 in Methods 4 - equation 5), and taking into account all the 25 reactions between the
five isotopes of Ti, the MIF model yields a slope of 1.04 in the 659Ti vs. §4¢Ti diagram (Fig.
2¢). The calculated pattern reported in Figure 3 uses a MIF factor = 4 that yields &”Ti
around 1200 %o for the four Ti isotope ratios. This 1 value is numerically compatible with the
second interpretation (ii) (cf. Supplementary Fig.5). The MDF terms, ignored in this first-
order calculation, likely play a significant role in the domain of a few per mil variations,

yielding more complex patterns as those experimentally observed in the -50/+50%o range.



The present demonstration that large MIF effects can be experimentally produced for Ti
isotopes has, potentially, profound implications for cosmochemistry. The largest known Ti
isotope anomalies are found in presolar SiC grains isolated from chondritic meteorites’-%/3.
Their Ti isotope compositions are compared in Fig.4 with the present experimental results
(see also Supplementary Fig.6a to 6¢ for comparison with other presolar grains’-/4 and with
FUN CAlIs (FUNs exhibit both MDF and MIF effects). Although TiC is a possible chemical
product of reaction (2) and is expected to form in carbon-rich environments (such as
envelopes of carbon-rich stars), it has not been possible to identify in the present OM films or
grains, the chemical speciation of Ti (metallic, organic hetero-element, TiCly, TiC ?).

Note in addition that, in our theoretical treatment of MIF, carbon plays no role in the
production (or not) of MIF. Despite the fact that the highest experimental &7Ti values
(+1200%o0), have not been observed for SiC (Fig.4), the similarities between the Ti isotope
compositions of presolar SiC and of some of the present experimental condensates (Fig.4)
opens the possibility that presolar grains condensed in stellar atmospheres contain an
undetermined contribution of MIF in their Ti isotopic composition. However, this potential
contribution to the Ti isotopic variability is at present difficult to identify since, for instance,
s-process Ti is expected to be enriched in all Ti isotopes (and especially 5Ti relative to 48Ti!0)
a feature quite similar to some of the predicted MIF effects. In this respect, the MIF effect is,
at first order, an abundance-dependent isotopic fractionation.

Non-FUN CAlIs and bulk chondrites show much smaller Ti isotope anomalies than
presolar SiC, with dmTi in the tenth of %o range. Their Ti isotope patterns include deficit and
excess of 48Ti and a correlation between 4Ti and 50Ti excesses!/. These patterns are not
observed in the present experiments, but because our experimental results have uncertainties
of ca. £ 6%o, it is difficult to make a significant comparison. The fact that, for small Ti
isotopic variations, the MDF terms become commensurable with 1, may account theoretically

(cf. MIF model in Methods) for the discrepancy between non-FUN CAlIs, bulk chondrites and
the present experiments. This point remains an experimental and analytical open issue.

Thus, it is not possible yet to transpose the present experiments to conditions relevant to
high-temperature condensation in the PSN or stellar atmospheres. To do so one could consider
for instance that the Ti/TiCl2/TiCls system investigated here could be an analog of the Ti/TiO/
TiO, system relevant to the formation of Ti-bearing condensates at high temperature.
Reactions between TiO and TiO2 on grains may form the metastable molecule [OTiTiO2]*
then stabilized as Ti2O3, i.e. as one of the possible Ti oxides precursors (with other Ti-bearing
refractory phases such as titanates!? of CAls). This raises the question whether such reactions
during condensation of grains could also produce various MIF effects for oxygen isotopes.
However, the fact that large MIF effects can be experimentally produced for a refractory
element like Ti opens a new field of investigations for isotope effects for other elements in
order to distinguish between potential MIF effects produced by chemical reactions and



nuclear anomalies. This will necessitate to investigate chemical reactions in plasmas and their
possible extensions to the PSN.
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Figure Captions

Fig. 1: Titanium isotope ratios (Ti/48Ti) in OM deposited from a TiCls/CsHi2 plasma. Results
are given using the 87Ti(%o0) notation, with m standing for masses 46, 47, 48, 49, and 50.
Individual &”Ti(%o) values obtained for the same analysis are connected by solid or dashed
lines. The positions of the samples (Upstream, Downstream and Central) are defined relative
to the flow of the carrier gas N> and the location of the plasma discharge (e.g., central refers to
the HF position). Figure 1d displays results of a numerical image analysis of a Ti-rich grain
area (=5x5 um).

Fig. 2: Titanium isotopic variations in carbonaceous matter deposited from a TiCls/CsHi2
plasma. (a) Ion image (#8Ti) of a Ti-rich grain sitting on top of the OM surface. (b) 48Ti
concentration profile, showing that Ti is systematically concentrated at the surface of the
grains. The 050Ti values of the different concentration domains are shown and labelled 1 to 6.
(c) The Ti isotope compositions of all measured samples reported as 850Ti versus §4Ti. The
theoretical mass-dependent (MDF) and mass-independent (MIF) fractionation slopes are
reported as reference dashed lines. The zoning of the grain noted 1 to 6, corresponds to the
analyses reported in (b) and in Table 1 in Methods. A blowup shows MDF Ti isotope
variations (Supplementary Fig.4) at smaller scales. Error bars combine the reproducibility on
the standard and the counting statistic uncertainties

Fig. 3: Titanium isotopic compositions expressed as 87 Ti vs. masses m = 46, 47, 48, 49, and
50. The positive and negative d7Ti values (in black and dashed lines) correspond to the core
(dots) and to the very surface (diamonds) of the grain shown in Fig.2a, respectively. Error
bars combine the reproducibility on the standard and the counting statistic uncertainties. The
numerical simulation of a MIF effect?? is shown as a solid line (open diamonds).

Fig. 4: The isotopic compositions of titanium in presolar grains isolated from the Murchison,
Orgueil and Indarch chondrite meteorites 7-% /3 is compared with the present experimental data
(yellow circles). Error bars on experimental data combine the reproducibility on the standard
and the counting statistic uncertainties.
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Methods

1. Plasma Experiments.

The formation of organic matter films and Ti-bearing organic grains was achieved using a
hyperfrequency (HF) excitation able to ionize a gas, which reaches the so-called “plasma
state”. The initial mixture was composed of different molecular species, i.e. (i) nitrogen (N2)
as a buffer gas and (ii) titanium tetrachloride (TiCl4) solubilized in pentane (CsHi2), in a ratio
2:1, as product precursors. Pentane was introduced as an additional compound to trigger the
reduction of the metastable molecule [Cl;Ti... TiCl2]* by the CHz* radicals resulting from the
dissociation of pentane. In such a situation, a mass-independent fractionation (MIF) effect
should be produced between the two channels (cf. reactions 1 and 2 in the text).

The total pressure was maintained constant around 100 Pa. The reactor is made of a
quartz tube of 10 cm in diameter. The plasma was generated by coupling a microwave
excitation at 2450 MHz with around 30-40 W of power coupled to the gas. It created a plasma
of around 10 cm in length in which the residence time of the gas was around 1/5 s measured
from the amount of liquid injected in N> during the whole duration of the experiment (from 10
min. to 1 hour). For shorter residence time (< 1/10 s), the formation of grains is not observed.

This type of microwave plasma was chosen for the following advantages with respect to
the aimed application: (i) a limited contamination since no electrodes are in contact with the
plasma, (ii) a direct heating of the electrons, (iii) a quasi-continuous discharge with respect to
ions and electrons that are not able to follow the fluctuation of the electric field on a
microwave period, and (iv) a reduced flux of electrons impinging the surface, thus limiting
etching of the reactor walls.

The gas temperature is in the range of 1000 K. This high temperature favors the
dissociation of the grain precursor and the reactivity of the titanium metallic clusters. These
clusters are likely to be formed from two main paths, i.e. (i) homogeneous coagulation of
nanometric clusters (in the plasma phase), which generally generates quasi-spherical particles
around a metallic core?s, and (ii) heterogeneous growth of films due to condensation of
radicals on the cold wall of the plasma reactor.

2. Samples.

The condensation products are deposited on silicon wafers. They consist of organic
matter?” produced by the polymerization of CH, radicals and quasi-circular grains. Two
representative samples (FR4-Central and FR5-Downstream) were studied by scanning and
transmission electron microscopy (SEM and TEM). The SEM observations were carried out
on a SEM-FEG instrument (ULTRASS, Zeiss) operating at 10 kV to carefully image the thin

12



layer of Ti-rich OM deposited on silicon wafers. The microstructure of deposited materials
differs between these two samples. FR5-Downstream (Supplementary Fig.la) present
globular structures (referred in the text to as grains) whereas FR4-Central (Supplementary
Fig.1b) appears to be more homogenous (referred to as OM). The largest isotopic anomalies
were measured in sample FR5-Downstream (and are associated with the globular structures).
Conversely, closer to the plasma, nanoparticles did not coalesce as droplets on the substrate,
either because the temperature or the partial pressure were higher in this part of the reactor.
Energy-dispersive X-ray spectroscopy (EDS) analyses could not be performed because of the
small thickness of the organic deposit.

Two focused ion beam (FIB) sections were prepared to be studied by TEM. A random
area of FR4-Central was selected while the FIB section of FR5-Downstream was excavated
from one of the circular structure previously observed (Supplementary Fig.1a). The ultrathin
sections were then extracted using a FIB Zeiss Neon40EsB (IMPMC, Paris, France). A Pt
layer was deposited on the area of interest for protection during the preparation of the sections
(3 x 20 um? and 2 pm in thickness). Milling was carried out with a Ga* ion beam current of
30 kV. Thin sections were then welded on a Cu grid for TEM observations. A TEM JEOL
2100F (IMPMC, Paris, France) instrument operating at 200 kV was used for these
observations. Conventional bright field and STEM images were collected together with
qualitative chemical maps.

In both samples, Ti was detected at the interface between the Si wafer and the Pt layer
(Supplementary Fig.2). The Ti-bearing deposit appears structurally discontinuous but
chemically homogeneous in terms of Ti content. It is similar for the two samples at the TEM
scale. No diffraction patters of the Ti-rich material could be observed suggesting either a
diffuse or a non-crystalline nature of the Ti-bearing phase. A significant amount of chloride
was also detected by EDS in these layers but the stoichiometry is incompatible with TiCla.
Nitrogen could not be analyzed during the session and the hypothetical occurrence of TiN
could not be confirmed. The nature of the Ti-bearing phase is therefore still uncertain so far. It
could be an organic complex, a nitride, or nm-sized Ti metallic particles. The thickness of the
organic deposit is of the order of 50 nm.

Elemental C, Ti, and Cl ionic ratios for the samples measured with the NanoSIMS were
compared with an industrial organic standard (Cyclopentadienyl-titanium dichloride). The
48Tit/12C+ (8.7 = 1.5 x 102) and 48Ti*/35CI* (4.1 £ 2.1 x 102) in the standard were globally
constant (within +50 %), corresponding to Ti/C and Ti/Cl atomic ratios of 0.1 and 0.5,
respectively. Most samples exhibit higher 48Ti*/35CIl* ratios between 3 x 102 and 2 x 104,
indicating an efficient reduction of TiCls and an excess of Ti atoms in the OM films compared
to the parent molecule TiCls. The 48Ti*/12C* ionic ratios range between ca. 102 and 105,

reflecting the heterogeneous distribution of Ti in OM films. In organic grains, the 48Ti*/35Cl*

13



ionic ratios decrease from the surface (ca. 4 x 103) to the core (3 x 102) with no significant
variation of the 48Ti*/12C+ ionic ratios (ca. 2 % 103). The core has an atomic Ti/Cl ratio around
0.5 while the surface presents an excess of Ti atoms relative to CI.

3. NanoSIMS analytical protocol.

The Ti isotope composition of experimental samples was measured using NanoSIMS at
The University of Manchester with a spatial resolution of ca. 150-200 nm. In most cases,
analyses were carried out randomly on the samples by rastering area of 20 % 20 um in size. In

selected area, some features of interest were then imaged over 3 x 3 wm to 8 x 8 um area. The

measured Ti isotope ratios ("Ti/48T1) are expressed using the 8 Ti notation (m standing for the
masses 46, 47, 49 or 50).

For NanoSIMS analysis 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 um diameter aperture) rastered on
the sample over 30 um x 30 wm area to eliminate any surface contamination. Secondary ionic
species of 12C*, 35CI+, 46Ti*, 47Tit, 48Tit, 499Ti* and 50Ti* were then collected simultaneously on
seven electron multipliers in imaging mode for 20 to 30 frames (approximately 8 to 13 min)
from 20 um X 20 um area, divided in 256 x 256 pixels, with a dwell time of 400 us/pixel.
Some features of interest located in 20 x 20 wm area were then imaged using smaller raster

sizes of between 3 x 3 um and 8 x 8 um and the same analytical conditions (see Table S1). In

order to adequately resolve isobaric interferences of Ti hydrides on Ti isotopes (e.g., ™1TiH
on "Ti), the mass resolving power was set to 8000 (CAMECA definition) using a 20-um-wide
entrance slit (ES3) at the entrance of the mass analyzer and a 200-um-wide aperture slit
(AS2). The vacuum in the analysis chamber remained constant at around 2-4x10-° mbar
throughout the week-long analytical session.

All the data were processed off-line using the I’Image software package (L. Nittler,
Carnegie Institution of Washington, Washington, DC). A 44 ns dead time was applied to all
electron multipliers. Measured Ti isotopes were corrected for instrumental mass fractionation
(IMF) based on Ti isotope ratios measured on a Ti-bearing synthetic organic powder
(cyclopentadienyl-titanium dichloride) standard just after and just before a block of unknown
analyses, and assuming natural Ti isotope abundances in this standard (e.g., §46:47.49.50Tj =
0%o). Uncertainties associated with Ti isotope ratios presented in Table S1 are given at the 20
level, and combine reproducibility on Ti isotope ratios obtained on the standard data used to
correct the corresponding unknown analyzes for IMF, and the counting statistic uncertainties
associated with each analysis. Over the week-long analytical session, the overall

reproducibility obtained on the cyclopentadienyl-titanium dichloride standard was + 5.5, 4.8,
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5.1 and 5.7%o for d4Ti, 847Ti, 049Ti and &59Ti, respectively (2 standard deviation, n = 42; see
Supplementary Fig.3).

4. Chemical and isotopic compositions in the grain reported in Fig. 2a

Threshold (cps  12C 35Cl1 48Ti MTi 20 &Ti 20 MTi 20 OTi 20
BTirx103) (cps)  (cps) (cps) (%o) (%o) (%o) (%0)  (%0) (%o0) (%o0) (%o0)

Bulk 33 0.9 5389.8 33 10 61 9 63 9 92 9
[1] >12 8.2 55 123599  -192 95 214 141 -221 98 -250 103
[2] 9.2-12 42 1.5 9620.8 -144 28 -157 50 -156 33 -147 40
[3] 6.6-9.2 42 0.8 7244.2 -92 16 -67 12 -62 16 -33 15
[4] 3.9-6.6 33 0.7 5065.4 111 17 133 12 136 14 168 15
[5] 1.3-3.9 1.9 0.9 2707.1 244 52 345 31 324 36 367 50
[6] <13 0.6 2.6 831.6 1241 286 1284 309 1181 352 1204 360

Table 1: Intensity of 12C, 35Cl and 48Ti and Ti isotope ratios obtained on different regions of
interest, labeled [1] to [6], of a ca. 2 wm Ti-rich grain shown in Figure 2. The threshold
indicates the concentration boundaries (expressed in 48Ti* ion count per sec) of the domains
where the isotopic compositions have been determined.

5. MIF model.
Two general mechanisms have been proposed to account for the MIF effects:

(1) After the formation of the metastable molecule, the redistribution of the energy among
its vibrational-rotational modes proceeds at a finite rate. This rate may not allow a statistical
redistribution of states during the short lifetime of the metastable molecule?4. Consequently,
the available states for its stabilization may not be equal for symmetrical and asymmetrical
metastable molecules. For the same reasons of symmetry, it has also been proposed that the
collisional energy transfer in the deactivation of the metastable molecule may not be the same

for symmetrical and non-symmetrical molecules. Extensive numerical computation of these
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effects has been reported in the literature in light of the various isotopic fractionation
behaviors observed for ozone and for sulfur isotopomers?2.28-30,

(i1) The scattering cross sections describing the encounter between two indistinguishable
isotopes (particles) have a higher degree of symmetry compared to those between
distinguishable isotopes. The quantum-mechanical effect of this second interpretation (ii) was
introduced in classical physics to fulfill the requirement of the exclusion principle, giving
numerical results that reproduce most of the experimental data obtained for ozone®. The
physical interpretation of (ii) is reported in Supplementary Information 5. As long as MIF
patterns are concerned, both interpretations have similar numerical consequences.

Consider the isotopic exchange reaction rate between /Ti and ‘TiM:

iTi+iTiM - [iTiiTIM]* — iTi+IiTiM (1)

M is Cls in the present case, i and j are the titanium isotope mass numbers and [JTiiTiM]*
the so-called “metastable molecule” or “activated complex”. The reaction rate r/ for the
formation of [ITiiTiM]* is written as:

rl = [Ti] . [ITiM] . ki / kp (2)

with k77 the forward reaction rate constant and kp the dissociation rate constant (subscript
D for dissociation) of [iTi'TiM]* and in brackets the densities of iTi or iTiM. The rate constant
kp is interpreted as the average lifetime 7 (7 = 1/kp) of [iTi ITiM]*. After a duration 7, [ITi
ITIM]* spontaneously dissociates.

Similarly, for i =j = 48 we can write:

r2 = [48Ti] . [¥TiM] . k848 / kpr 3)
with kp;the dissociation rate constant of [ITiilTiM]* when isotopes are indistinguishable; i.e.

48T1 and 48TiM in reaction (3) (subscript I in kps). The reaction rate ratio R 1is:
R=rl/r2 ={x@i).x(j) . o7 . }/{x(48)}? @))

where a7/ stands for the kjiv/ k848 ratio. In the interpretation (ii), ,, stands for the kprkp

ratio, i.e. for the mass-independent isotopic fractionation factor 7/z1. The densities drop out in

R and are replaced by the relative abundances x(i), x(j), etc of the isotopes i, j, etc. (Zx =1). As

shown by detailed calculations on metastable ozones, ,. contains an additional mass-

dependent term because the dissociation rates are also mass-dependent (the heaviest species
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dissociating the fastest??). A second mass-dependent term should thus be introduced in R as
o 7, giving:

R=rl/r2 = {x(i) . x (j) . o™ . am . M}/ {x(48)}? (5)
with:

7 = OLT]H' n (6)

Under this formalism, 1 is (almost) constant. When i =/, = 1 (n = 71/71). The mass-

dependent variations can be approximated by the ratio of the reduced masses of the

reactants??:

s = [Wif? /[ was-as ] (7)
with b corresponding to an arbitrary parameter that dictates the magnitude of the isotopic

fractionation. In the present experiment, the term our7 stands for the condensation rates for
which 67-/Ti > 6mTi while for oy, &-/Ti < dTi.

This formalism can be used to calculate the multi isotopic patterns for chemical elements.
In the present experiment, neglecting the possible mass dependent relations (e.g., b = 0) the
experimental pattern is reproduced for n = 4.
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1. Plasma Experiments - Samples

Supplementary Fig.1: SEM micrographs of area analyzed with the NanoSIMS of
carbonaceous matter deposited on a silicon wafer (a) Sample FR5-Downstream. The largest
square are presputtured area, smaller squares represent NanoSIMS analyses on individual
grain. Circular structures (grains) are observed all over the sample. Isotopic analyses across
an individual grain are reported in Figs. 2b and 2c (cf. text). A cross section of these deposits
is shown in Supplementary Fig.2. (b) Sample FR4-Central. No particular circular structure
could be observed in this sample. NanoSims sputtered areas appear as black squares.

__-Ti=rich layer

Supplementary Fig.2: Successively from left to right: (1) STEM image, (2) elemental Si
(Wafer) and (3) elemental Ti compositional maps. Maps are only qualitative and no baseline
corrections were made; hence the apparent presence of Ti traces in the Pt and Si layers. Point
analysis however did not confirm the presence of Ti in these two layers. The thickness of the

deposited Ti-rich layer is around 50 nm.



2. NanoSIMS analytical protocol

Supplementary Fig.3: 646.47:49.50T1 values obtained on the cyclopentadienyl-titanium

dichloride standard over the course of the week long analytical session (n = 42). The
reproducibility is of the order of + 6%o (20; cf. text).

3. Supplementary Table 1. NanoSIMS results for the three different experiments FR2, FR4
and FR5 (mixing TiCls/pentane ratio = 2:1 and N; as the carrier gas). A dusty plasma
(formation of grains) is observed in FR) likely caused by the longer residence time (1/5 s) of
the gas in the plasma than for FR2 and FR4 experiments (1/10 s). For FR2, no wafer was put
in the center of the discharge and OM was collected from the glass walls. Error bars include
statistical errors (ion counting statistic) and the reproducibility on the standard. These data can

also be found as an Excel file (Supplementary Data 1).

O46Ti 20 OTi 20 OTi 20 O5Ti 20

i 12 35 48Ty
Sample and Analysis name Notes C (cps) Cl (cps) Ti (cps) (%) (%) (%) Gy (%o) (%) (%) (%)
#4 Upstream Wafer
FR4_Amont 1 20%20 pm 444E-01  1.26E+00 4.04E+04  -2.2 34 -5.7 3.7 -6.6 6.6 9.1 4.9
FR4_Amont 2 20%20 pm 345E-01 2.77E+00 3.84E+04 -2.8 35 -5.7 3.7 -4.8 6.6 -52 49
FR4_Amont_3 20%20 pm 2.39E+00 1.26E+00 2.74E+04 -140 3.5 -11.1 3.7 32 6.6 8.0 5.0

FR4_Amont_4 20%20 pm 6.19E+00  2.16E+00  5.08E+04  -5.7 34 -1.4 3.6 3.2 6.5 6.6 49



#4 Central Wafer
FR4 _Centre_10Sep18-PM_Chain_1
FR4_Centre_10Sep18-PM_Chain_2

FR4_Centre_10Sep18-
PM_Chain_v2_1

FR4_Centre_10Sep18-
PM_Chain_v2_2

FR4_Centre_10Sep18-
PM_Chain_v2_3

FR4 Centre_10Sep18-
PM_Chain_v2 4

FR4_Centre_10Sep18-
PM_Chain_v2_5

FR4_Centre_10Sep18-
PM_Chain_v2_6

FR4_Centre_10Sep18-
PM_Chain_v2_7

FR4_Centre_10Sep18-
PM_Chain_v2_8

FR4 Centre_10Sep18-
PM_Chain v2 9

FR4_Centre_10Sep18-
PM_Chain_v2_10

FR4_Centre_10Sep18-
PM_Chain_v2_11

FR4_Centre_10Sep18-
PM_Chain_v2_12

FR4_Centre_10Sep18-
PM_Chain_v2_13

FR4 Centre_10Sep18-
PM_Chain v2_14

FR4_Centre_10Sep18-
PM_Chain_v2_15

FR4_Centre_10Sep18-
PM_Chain_v2_16

FR4_Centre_10Sep18-
PM_Chain_v2_17

FR4_Centre_10Sep18-
PM_Chain_v2_18

#4 Central Wafer
FR4_Centre_11Sep18-night 1
FR4_Centre_11Sep18-night 2
FR4_Centre_11Sep18-night_3
FR4_Centre_11Sep18-night 4
FR4_Centre_11Sep18-night_4
FR4 Centre_11Sep18-night 5
FR4_Centre_11Sep18-night 5
FR4 Centre_11Sepl8-night 6
FR4_Centre_11Sep18-night 7
FR4_Centre_11Sep18-night 8
FR4_Centre_11Sep18-night 9
FR4_Centre_11Sep18-night 10

FR4_Centre_11Sep18-night 11

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 um

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 um

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm

20%20 pm
20%20 pm
20%20 pm
20%20 pm
Ti-rich ROI
20%20 pm
Ti-rich ROI
20%20 pm
20%20 pm
20%20 pm
20%20 pm
20%20 pm

20%20 pm

3.34E+00

3.44E+00

7.49E+00

1.01E+01

1.72E+01

3.95E+00

4.55E+00

2.06E+01

1.25E+01

3.40E+00

3.98E+00

2.01E+01

1.41E+01

6.56E+00

4.87E+00

4.03E+00

6.21E+00

4.29E+00

4.06E+00

3.62E+00

3.33E+00

3.78E+00

1.99E+01

2.05E+01

1.49E+01

2.16E+01

2.15E+01

7.47E+00

2.87E+00

3.09E+00

2.98E+00

3.11E+00

3.07E+00

3.28E+02

3.35E+02

3.50E+02

2.52E+02

9.54E+01

3.45E+02

3.09E+02

1.23E+02

1.18E+02

3.54E+02

3.10E+02

9.03E+01

2.52E+02

3.81E+02

2.39E+02

3.40E+02

3.67E+02

3.29E+02

3.55E+02

3.56E+02

3.65E+02

3.63E+02

9.15E+01

1.41E+01

2.86E+01

1.17E+01

4.37E+01

2.33E+02

2.99E+02

3.28E+02

3.12E+02

3.29E+02

3.28E+02

1.83E+05

1.62E+05

2.06E+05

2.05E+05

1.73E+05

2.08E+05

2.02E+05

1.70E+05

1.94E+05

1.82E+05

2.03E+05

1.56E+05

1.66E+05

1.89E+05

2.48E+05

2.32E+05

1.77E+05

2.41E+05

2.25E+05

1.96E+05

1.98E+05

2.10E+05

1.49E+05

2.74E+04

5.91E+04

2.39E+04

9.02E+04

2.10E+05

1.70E+05

1.76E+05

1.71E+05

1.80E+05

1.77E+05

332

27.0

18.6

4.8

27.9

26.2

8.7

8.8

34.7

26.8

59

348

26.1

29.9

36.4

24.6

0.7

-20.3

-229

-22.1

-11.2

31.8

30.9

31.7

31.1

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

33

5.4

54

5.4

5.6

5.6

79

54

5.4

5.4

5.4

5.4

54

17.9

15.0

10.9

4.5

15.9

152

7.9

7.8

20.3

16.5

6.7

12.5

21.2

16.9

18.9

233

14.1

14.0

-13.4

-21.8

-10.1

9.2

16.6

16.9

16.7

16.4

35

35

35

35

35

3.5

35

35

35

35

3.5

35

35

35

35

3.5

35

35

35

35

6.1

6.1

6.1

6.3

8.6

6.1

6.1

6.1

6.1

6.1

6.1

7.5

7.1

10.9

0.3

0.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

6.5

39

39

3.9

43

9.9

44

8.0

39

39

39

39

39

39

-17.5

-21.8

-18.2

6.1

-14.3

-12.8

55

54

-18.3

-10.1

9.8

-15.1

-10.4

-15.7

-8.3

-11.1

-15.3

-23.8

-21.6

9.2

-10.0

8.0

0.8

-11.7

-27.5

-26.2

-27.1

=252

-25.5

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

4.8

6.8

6.8

7.1

11.5

7.1

9.9

6.8

6.8

6.8

6.8

6.8



FR4_Centre_11Sep18-night 12
FR4_Centre_11Sep18-night 13
FR4_Centre_11Sep18-night_14
FR4_Centre_11Sep18-night 15
FR4_Centre_11Sep18-night_16
FR4_Centre_11Sep18-night 16
FR4_Centre_11Sep18-night 17
FR4 Centre_11Sepl18-night 18
FR4_Centre_11Sep18-night 19

FR4_Centre_11Sep18-night 20

#5 Downstream Wafer
FR5_Aval 12Sepl8_1
FRS_Aval_12Sep18_1
FR5_Aval 12Sepl8_2
FRS_Aval_12Sepl18_2
FR5_Aval 12Sepl8_3
FR5_Aval_12Sepl18_3

FR5_Aval 12Sepl8 3

#5 Downstream Wafer

FR5_Aval 12Sepl8 Anomaly 2

FR5_Aval 12Sepl8 Anomaly 2

FRS_Aval_12Sep18_Anomaly_2

FR5_Aval 12Sepl8 Anomaly 3
FR5_Aval 12Sepl8 Anomaly 3

FR5_Aval 12Sepl8 Anomaly 3
FRS5_Aval_12Sepl8_Anomaly 4
FR5_Aval 12Sepl8 Anomaly 4

FRS_Aval_12Sep18_Anomaly_4

#4 Central Wafer

FR4 Centre_12Sep18 Anomaly_1
FR4_Centre_12Sepl8 Anomaly_1
FR4 Centre_12Sep18 Anomaly_1
FR4_Centre_12Sepl8 Anomaly_1
FR4 _Centre_12Sep18_ Anomaly 2

FR4_Centre_12Sepl8 Anomaly 2

#5 Upstream Wafer
FR5_Amont_12Sep18_PM_1
FR5_Amont_12Sepl8 PM_2
FR5_Amont_12Sep18 PM_3
FR5_Amont_12Sep18 PM b 1
FR5_Amont 12Sepl8 PM b 2

FR5_Amont_12Sepl8 PM b 3

20%20 pm
20%20 pm
20%20 pm
20%20 pm
20%20 pm
Ti-rich ROI
20%20 pm
20%20 pm
20%20 pm

20%20 pm

20%20 pm
Ti-poor ROI
20%20 pm
Ti-poor ROI
20%20 pm
Ti-poor ROI

Ti-rich ROI

3x3 um
Ti-rich ROI
Ti-poor ROI

3x3 um
Ti-rich ROI
Ti-poor ROI

4x4 pm
Ti-rich ROI

Ti-poor ROI

6X6 um

Ti-rich ROI

Ti-rich Hotspot 1

Ti-rich Hotspot 2

4x4 pm

Ti-rich ROI

20%20 pm
20%20 pm
20%20 pm
20%20 pm
20%20 pm

20%20 pm

3.12E+00

3.13E+00

2.92E+00

1.09E+01

2.01E+01

2.45E+01

2.03E+01

2.00E+01

3.66E+00

3.49E+00

3.05E+01

1.00E+00

2.00E+01

2.63E+00

1.96E+01

9.66E-01

1.91E+01

3.26E+00

7.80E+00

9.21E-01

3.63E+00

4.06E+00

9.45E-01

4.70E+00

1.03E+01

1.88E+00

3.71E+01

4.52E+01

4.52E+01

5.18E+01

2.45E+01

2.28E+01

1.60E+01

1.32E+01

9.38E+00

1.25E+01

1.59E+01

1.80E+01

4.51E+02

3.50E+02

3.04E+02

1.60E+02

1.37E+01

3.60E+01

1.11E+01

6.10E+01

3.67E+02

3.65E+02

6.89E+00

4.86E+00

6.40E+00

6.37E+00

6.22E+00

2.12E+00

1.08E+01

8.80E-01

1.67E+00

1.33E+00

7.93E-01

2.03E+00

8.40E-01

7.39E-01

4.59E+00

2.82E-01

2.82E-01

2.82E-01

2.82E-01

2.82E-01

3.69E-01

6.42E-01

6.66E+02

4.43E+02

3.10E+02

9.58E+02

9.10E+02

9.02E+02

1.88E+05

1.81E+05

1.68E+05

1.65E+05

2.70E+04

6.10E+04

2.28E+04

9.55E+04

1.84E+05

1.96E+05

3.76E+04

6.85E+03

3.19E+04

8.43E+03

2.94E+04

3.16E+03

4.75E+04

5.36E+03

1.08E+04

1.66E+03

5.75E+03

1.21E+04

9.37E+02

8.61E+03

2.88E+04

3.41E+03

8.04E+03

4.17E+04

5.69E+04

4.25E+04

9.68E+03

1.83E+04

2.13E+05

1.39E+05

9.64E+04

2.45E+05

2.42E+05

2.49E+05

11.3

-21.4

-14.8

-20.7

313

27.7

-17.1

-1.3

-15.6

-15.9

8.8
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4. Enlargement of the Figure 2.
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Supplementary Fig.4: A blow-up of the Figure 2 reported in the text, is shown from the data
reported in the Table 1 in Methods. The mass-dependent fractionation is observed for small
variations in 0%¢Ti vs 659Ti. The slope of the mass dependent pattern is calculated for 77 = 1 via
the procedure described in Methods (MIF Model). Error bars combine statistical errors (ion
counting statistic) and the reproducibility on the standard.

5. Possible origin for the MIF

Consider the present experiment where TiCls is dissociated by electron impact giving an
atom of Ti. As in most photochemical reactions, this atom reacts with its parent molecule.
Suppose that, in addition to a chemical reaction with [CL,'Ti.. /TiCl>]*, an isotopic exchange
takes place between Ti and TiCla:

TiCls +iTi — [CL'Ti...JTiCL]* — TiCls+'Ti (1)
or = [CL'Ti.. TiCL]* + CHy* — WTi-CHy+ ... (2)

Hereafter, [CL'Ti.. TiCl,]* is designated as the “metastable molecule”. Using the
formalism developed in the framework of the interpretation of MIF in ozone?, it is possible to
estimate the range of n values. We now develop this point.

We define Pr and Pnr (r and nr standing for reactive (isotope exchange) and non-reactive,
(no exchange), respectively) the probabilities that an isotopic exchange takes place (or not) in
a given domain of lifetime At. During At the metastable molecule spontaneously dissociates



(reaction 1). In the domain A, the relative isotopic abundances of the metastable molecule are
proportional to Yz Pr and Ynr.Pnr with Y the relative proportion of reactive and non-reactive
reactions involved in the formation of the overall metastable molecule (reactions 1+2; Yr +
Ynr = 1).

When isotopes are distinguishable (j = i), the mean lifetime 7 of [CL,'Ti...iTiCL>]* is equal

to the average lifetime of isotope exchange and non-exchange reactions:
T(At) = [ Tr(Av). YrPr/D + Tag(Av). YnrPnr/D] = [ Tr(Av). xg + Tar(Av) . (1- xg)]

with 7r(At) and 7ar(At) the average lifetimes of the metastable molecules yielding xz and
xnr to be the relative fractions of reactive and non-reactive reactions (xz + xyg =1) in the

domain At (reaction 1) and with:

D= Yr. Pr + Ynr.Pnr

If isotopes are indistinguishable (j = 1), Pr and Pnr must not be split and Pr must be used

in place of Pr or Pnr (I stands for Indistinguishable). P drops in the lifetime 7; of [CL,'Ti...
ITiCL2]*, giving:

Ti(At) = [ Tr(AT) . Yr + Tar(AT) . (1-Yr)]

This result obtained for 7i(At) illustrates the fact that the reactant atoms Ti can be either in
the products of reaction (1) and/or (2). The mass independent isotopic fractionation factor m

1s:
N(AY = 7(Av) / Ti(At)

In a given range At, n=1 and the isotopic compositions of the products of the reactions
(1) and (2) are mass independently fractionated relative to the reactants TiCls / Ti. If the
chemical reaction (2) samples the overall metastable molecules (i.e. in the range 0 <At < o0),
the channel (1) is closed, n=1 and the isotopic fractionation is mass dependent.

The possible variations of 1 with different values of the parameters Tz, Twr, xr and Yr are
shown in Supplementary Fig.5. The parameter 1 is essentially governed by the Tr/Tnr ratio: at
the reasonable conditions Xr =1, Yr <0.2, Tr/tnr >15 give N> 4 (as observed in this study).
Qualitatively, this estimate implies that (i) all the isotopically exchanged Ti atoms (xz =1) are
stabilized via the channel (2); (ii) that these exchange reactions account for less than 20% of

all reactions forming the metastable molecule (Xr <0.2) and (iii) that the lifetime of the
reactive metastable molecules should be 15 fold the lifetime of the non-reactive’s one. The



point (iii) is an open question that needs to be theoretically evaluated. The point (ii) indicates

that most of the reactions do not yield isotope exchange.
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Reactive to Non-Reactive Lifetime ratio

Supplementary Fig.5: A first-order calculation of the variations of the MIF factor | with the

isotopically exchanged and non-exchanged lifetime ratio of a metastable molecule. The

presently inferred value for n) (black dot on the figure) should correspond to Xr and Yr close

to 1 and 0.2, respectively, i.e. to the fractions of isotopically exchanged molecules in the

channel (2) and in the channels (1)+(2), respectively.



6. Comparison with meteorite data.
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Supplementary Fig.6: Comparison of the Ti isotope compositions of selected experimental
samples (blue) with, in red, meteorite components such as FUN CAls or presolar grains!/.¢.3/.
Isotopic compositions are expressed with the normalization at mass 48 (a and b) or with the
double normalization at masses 47 and 49 (c).
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