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1 Isotope percentages from covariances

The relative yields of all channels producing CnH
+
x and C(4−n)HySe

+, with n = 1− 4 and x+ y ≤ 4,
are provided in the following figures and tables:

• C4Hx
+ + SeHy

+: Figures S1-S5; Tables S1-S5

• C3Hx
+ + CHySe

+: Figures S6-S10; Tables S6-S10

• C2Hx
+ + C2HySe

+: Figures S11-S14; Tables S11-S14

• CHx
+ + C3HySe

+: Figures S15-S18; Tables S15-S18.

These were determined using the methodology described in the Results section of the main text.
Briefly, the integrated intensities of any features observed in the CnH

+
x /C(4−n)HySe

+ Newton-frame
covariance maps could in general be assigned to reactions (5) and (6) in the paper. In instances where
a covariance feature could be assigned to multiple channels, the intensities of these pathways were
apportioned using the relative abundances of the selenium isotopes that could be involved, assuming
there was no likelihood of isotope-specific chemistry. For example, the C+

4 /
78SeH+

y covariance in Table
S1 has three possible assignments:

C4H4Se
2/3+ → C+

4 + 78Se+ + 4H0/+, (1)

C4H4Se
2/3+ → C+

4 + 77SeH+ + 3H0/+, (2)

C4H4Se
2/3+ → C+

4 + 76SeH+
2 + 2H0/+. (3)

Reactions (1) to (3) were therefore assumed to occur 23%, 19% and 59% of the time, respectively,
based on the expected amounts of 76Se, 77Se and 78Se. As outlined in the main text, this presumes
that all fragmentation channels associated with a covariant CnH

+
x /C(4−n)HySe

+ pair occur with equal
probability. Although this almost certainly over- or underestimates contributions from individual
channels, a comparison of the total isotope yields for each CnH

+
x /C(4−n)HySe

+ pair demonstrates
that, in general, they match the natural isotopic distribution of selenium. This is a strong indicator
that this simple assumption is reasonable.

2



Figure S1: The summed relative intensities of fragmentation channels producing C4
+ and all SeHy

+

co-fragments incorporating the different selenium isotopes, also given in Table S1. These covariances
made up 4.7± 0.5% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

SeHy
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)
76 0.9± 0.4 0.9± 0.4
77 1.3± 0.5 0.7± 0.3 0.6± 0.2
78 2.3± 0.9 0.5± 0.2 0.4± 0.2 1.3± 0.5
79 2.2± 0.6 0.5± 0.2 1.7± 0.5
80 2.3± 0.7 0.7± 0.2 1.6± 0.5
81 3.6± 1.1 3.6± 1.1
82 1.3± 0.4 1.1± 0.4 0.2± 0.1
83 0.8± 0.3 0.8± 0.3

Intensity (%) 14.5± 3.7 10.6± 2.2 25.6± 5.1 42.7± 8.3 6.6± 2.3

Table S1: The integrated intensities of Newton frame covariance maps between C4
+ and SeHy

+ frag-
ments (m/z = 76 − 83u). Note that no covariance was observed between C4

+ and SeHy
+ where

m/z = 84u.
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Figure S2: The summed relative intensities of fragmentation channels producing C4H
+ and all SeHy

+

co-fragments incorporating the different selenium isotopes, also given in Table S2. These covariances
made up 12.3± 0.7% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

SeHy
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)
76 2.2± 0.9 2.2± 0.9
77 4.1± 0.6 2.2± 0.3 1.9± 0.3
78 5.4± 0.9 1.2± 0.2 1.0± 0.2 3.1± 0.5
79 5.0± 1.0 1.2± 0.2 3.8± 0.7
80 8.4± 1.1 2.7± 0.4 5.7± 0.8
81 7.0± 1.5 7.0± 1.5
82 4.0± 0.6 3.4± 0.5 0.6± 0.1
83 1.6± 0.6 1.6± 0.6
84 0.4± 0.3 0.4± 0.3

Intensity (%) 14.9± 2.5 10.7± 1.0 25.3± 2.6 42.1± 4.7 7.0± 1.8

Table S2: The integrated intensities of Newton frame covariance maps between C4H
+ and SeHy

+

fragments (m/z = 76− 84u).
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Figure S3: The summed relative intensities of fragmentation channels producing C4H2
+ and all SeHy

+

co-fragments incorporating the different selenium isotopes, also given in Table S3. These covariances
made up 20.6± 1.9% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

SeHy
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)
76 4.0± 0.9 4.0± 0.9
77 6.1± 1.0 3.3± 0.5 2.8± 0.4
78 10.2± 1.6 2.3± 0.4 1.9± 0.3 6.0± 0.9
79 8.3± 1.3 2.0± 0.3 6.3± 1.0
80 14.0± 2.3 4.5± 0.7 9.5± 1.5
81 9.8± 1.2 9.8± 1.2
82 8.2± 1.2 6.9± 1.1 1.2± 0.2
83 2.0± 0.4 2.0± 0.4
84 0.6± 0.4 0.6± 0.4

Intensity (%) 15.2± 1.7 10.7± 1.0 26.5± 2.5 41.5± 3.5 6.1± 0.9

Table S3: The integrated intensities of Newton frame covariance maps between C4H2
+ and SeHy

+

fragments (m/z = 76− 84u).
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Figure S4: The summed relative intensities of fragmentation channels producing C4H3
+ and all SeHy

+

co-fragments incorporating the different selenium isotopes, also given in Table S4. These covariances
made up 12.0± 0.8% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

SeHy
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)
76 2.7± 0.6 2.7± 0.6
77 4.3± 1.1 2.4± 0.6 1.9± 0.5
78 6.5± 1.1 1.6± 0.3 4.9± 0.9
79 6.1± 1.1 6.1± 1.1
80 6.1± 1.1 6.1± 1.1
81 6.8± 1.2 6.8± 1.2
82 2.2± 0.7 2.2± 0.7
83 1.1± 0.4 1.1± 0.4

Intensity (%) 14.1± 2.5 9.8± 1.6 30.8± 3.9 36.0± 4.6 9.3± 2.3

Table S4: The integrated intensities of Newton frame covariance maps between C4H3
+ and SeHy

+

fragments (m/z = 76− 83u).
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Figure S5: The summed relative intensities of fragmentation channels producing C4H4
+ and all SeHy

+

co-fragments incorporating the different selenium isotopes, also given in Table S5. These covariances
made up 2.7± 0.4% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

SeHy
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)
76 1.1± 0.5 1.1± 0.5
77 1.8± 0.6 1.8± 0.6
78 2.2± 0.5 2.2± 0.5
79 -
80 2.0± 0.6 2.0± 0.6
81 -
82 0.7± 0.4 0.7± 0.4

Intensity (%) 14.4± 6.2 23.4± 7.5 27.7± 6.8 25.3± 7.4 9.2± 5.0

Table S5: The integrated intensities of Newton frame covariance maps between C4H4
+ and SeHy

+

fragments (m/z = 76− 82u).
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Figure S6: The summed relative intensities of fragmentation channels producing C3
+ and all CHySe

+

co-fragments incorporating the different selenium isotopes, also given in Table S6. These covariances
made up 3.5± 0.4% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

CHySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

88 0.2± 0.2 0.2± 0.2
89 0.4± 0.3 0.2± 0.2 0.2± 0.1
90 0.8± 0.4 0.2± 0.1 0.2± 0.1 0.5± 0.2
91 1.4± 0.5 0.3± 0.1 0.3± 0.1 0.8± 0.3
92 1.5± 0.5 0.1± 0.05 0.4± 0.1 0.9± 0.3
93 1.9± 0.6 0.6± 0.2 1.3± 0.4
94 1.9± 0.5 1.6± 0.5 0.3± 0.1
95 2.4± 0.9 2.1± 0.8 0.4± 0.1

Intensity (%) 8.9± 2.7 7.0± 1.8 22.3± 4.3 55.6± 9.6 6.2± 1.5

Table S6: The integrated intensities of Newton frame covariance maps between C3
+ and CHySe

+

fragments (m/z = 88− 95u). No covariance was observed for m/z > 95u.
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Figure S7: The summed relative intensities of fragmentation channels producing C3H
+ and all CHySe

+

co-fragments incorporating the different selenium isotopes, also given in Table S7. These covariances
made up 5.4± 0.4% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

CHySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

88 0.4± 0.3 0.4± 0.3
89 0.9± 0.2 0.5± 0.1 0.4± 0.1
90 1.3± 0.6 0.3± 0.1 0.2± 0.1 0.8± 0.4
91 2.1± 0.7 0.5± 0.2 0.4± 0.1 1.2± 0.4
92 2.4± 0.6 0.2± 0.1 0.7± 0.1 1.5± 0.4
93 3.2± 1.1 1.0± 0.3 2.1± 0.7
94 1.8± 0.6 1.5± 0.5 0.3± 0.1
95 3.6± 0.8 3.1± 0.6 0.5± 0.1

Intensity (%) 10.6± 2.3 8.1± 1.3 23.8± 4.2 52.3± 7.3 5.2± 0.9

Table S7: The integrated intensities of Newton frame covariance maps between C3H
+ and CHySe

+

fragments (m/z = 88− 95u). No covariance was observed for m/z > 95u.
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Figure S8: The summed relative intensities of fragmentation channels producing C3H2
+ and all

CHySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S8. These

covariances made up 5.5± 0.5% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

CHySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

88 0.6± 0.4 0.6± 0.4
89 1.4± 0.5 0.8± 0.3 0.6± 0.2
90 1.9± 0.6 0.4± 0.1 0.4± 0.1 1.1± 0.3
91 3.0± 0.7 0.7± 0.2 2.3± 0.5
92 2.1± 0.7 0.7± 0.2 1.4± 0.5
93 3.8± 0.8 3.8± 0.8
94 0.9± 0.4 0.7± 0.3 0.1± 0.1
95 2.7± 0.6 2.7± 0.6

Intensity (%) 11.0± 3.0 10.5± 1.9 24.6± 4.0 36.5± 6.2 17.4± 3.9

Table S8: The integrated intensities of Newton frame covariance maps between C3H2
+ and CHySe

+

fragments (m/z = 88− 95u). No covariance was observed for m/z > 95u.
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Figure S9: The summed relative intensities of fragmentation channels producing C3H3
+ and all

CHySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S9. These

covariances made up 7.8± 0.6% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

CHySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

88 0.5± 0.3 0.5± 0.3
89 2.8± 0.7 1.5± 0.4 1.3± 0.3
90 2.6± 0.7 0.6± 0.2 2.0± 0.5
91 5.7± 1.1 5.7± 1.1
92 1.4± 0.6 1.4± 0.6
93 8.9± 1.6 8.9± 1.6
94 0.6± 0.3 0.6± 0.3
95 1.9± 0.5 1.9± 0.5

Intensity (%) 8.3± 1.9 7.8± 1.5 31.6± 5.2 42.2± 7.0 10.2± 2.6

Table S9: The integrated intensities of Newton frame covariance maps between C3H3
+ and CHySe

+

fragments (m/z = 88− 95u). No covariance was observed for m/z > 95u.
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Figure S10: The summed relative intensities of fragmentation channels producing C3H4
+ and all

CHySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S10. These

covariances made up 0.3± 0.2% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

CHySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

88 0.2± 0.3 0.2± 0.3
89 0.5± 0.3 0.5± 0.3
90 0.5± 0.3 0.5± 0.3
91 -
92 0.4± 0.3 0.4± 0.3
93 -
94 0.2± 0.3 0.2± 0.3
95 -

Intensity (%) 12.1± 17.2 29.0± 16.2 27.5± 18.4 20.3± 15.8 11.1± 16.6

Table S10: The integrated intensities of Newton frame covariance maps between C3H4
+ and CHySe

+

fragments (m/z = 88− 95u). No covariance was observed for m/z > 95u.
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Figure S11: The summed relative intensities of fragmentation channels producing C2
+ and all C2HySe

+

co-fragments incorporating the different selenium isotopes, also given in Table S11. These covariances
made up 1.5± 0.2% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

C2HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

100 0.2± 0.2 0.2± 0.2
101 0.4± 0.3 0.2± 0.2 0.2± 0.1
102 0.5± 0.3 0.1± 0.1 0.1± 0.1 0.3± 0.2
103 0.7± 0.3 0.2± 0.1 0.1± 0.1 0.4± 0.2
104 0.8± 0.3 0.1± 0.03 0.2± 0.1 0.5± 0.2
105 0.9± 0.4 0.3± 0.1 0.6± 0.3
106 0.4± 0.2 0.3± 0.2 0.1± 0.04
107 0.2± 0.2 0.2± 0.2 0.03± 0.04
108 0.1± 0.1 0.1± 0.1

Intensity (%) 16.3± 6.0 11.2± 3.7 29.3± 7.5 38.7± 10.9 4.5± 3.4

Table S11: The integrated intensities of Newton frame covariance maps between C2
+ and C2HySe

+

fragments (m/z = 100− 108u).
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Figure S12: The summed relative intensities of fragmentation channels producing C2H
+ and all

C2HySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S12. These

covariances made up 6.3± 0.3% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

C2HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

100 0.4± 0.3 0.4± 0.3
101 0.7± 0.4 0.4± 0.2 0.3± 0.2
102 1.1± 0.5 0.2± 0.1 0.2± 0.1 0.6± 0.3
103 1.3± 0.5 0.3± 0.1 0.3± 0.1 0.8± 0.3
104 2.4± 0.8 0.2± 0.1 0.7± 0.2 1.5± 0.5
105 1.3± 0.5 0.4± 0.2 0.9± 0.3
106 1.6± 0.5 1.4± 0.5 0.2± 0.1
107 0.8± 0.4 0.7± 0.3 0.1± 0.1
108 0.2± 0.2 0.2± 0.2

Intensity (%) 13.7± 4.1 10.0± 2.2 25.5± 4.7 44.6± 8.3 6.2± 2.4

Table S12: The integrated intensities of Newton frame covariance maps between C2H
+ and C2HySe

+

fragments (m/z = 100− 108u).
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Figure S13: The summed relative intensities of fragmentation channels producing C2H2
+ and all

C2HySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S13. These

covariances made up 6.3± 0.5% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

C2HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

100 0.8± 0.4 0.8± 0.4
101 2.0± 0.7 1.1± 0.4 0.9± 0.3
102 3.0± 0.7 0.7± 0.2 0.6± 0.1 1.7± 0.4
103 2.8± 0.6 0.7± 0.1 2.1± 0.4
104 3.7± 0.8 1.2± 0.3 2.5± 0.5
105 4.9± 0.9 4.9± 0.9
106 1.7± 0.6 1.5± 0.5 0.3± 0.1
107 0.5± 0.4 0.5± 0.4
108 0.3± 0.3 0.3± 0.3

Intensity (%) 13.2± 2.9 10.8± 1.8 25.5± 3.3 45.2± 5.7 5.3± 2.5

Table S13: The integrated intensities of Newton frame covariance maps between C2H2
+ and C2HySe

+

fragments (m/z = 100− 108u).
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Figure S14: The summed relative intensities of fragmentation channels producing C2H3
+ and all

C2HySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S14. These

covariances made up 4.0± 0.5% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

C2HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

100 1.1± 0.4 1.1± 0.4
101 1.7± 0.7 1.0± 0.4 0.8± 0.3
102 3.1± 0.6 0.8± 0.2 2.4± 0.5
103 1.7± 0.6 1.7± 0.6
104 2.9± 0.7 2.9± 0.7
105 1.2± 0.4 1.2± 0.4
106 0.5± 0.2 0.5± 0.2
107 0.1± 0.2 0.1± 0.2

Intensity (%) 16.6± 4.6 12.5± 2.8 33.2± 6.5 32.9± 6.9 4.9± 2.5

Table S14: The integrated intensities of Newton frame covariance maps between C2H3
+ and C2HySe

+

fragments (m/z = 100− 108u).
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Figure S15: The summed relative intensities of fragmentation channels producing C+ and all C3HySe
+

co-fragments incorporating the different selenium isotopes, also given in Table S15. These covariances
made up 1.1± 0.2% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where x + y ≤ 4)

fragmentation channels. The error bars correspond to uncertainty values obtained from an adapted
bootstrapping method outlined in the Methods section. Red dots indicate the natural selenium isotope
abundances. The expected Se isotope abundances are also given by red dots.

C3HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

112 0.3± 0.3 0.3± 0.3
113 0.3± 0.3 0.2± 0.2 0.1± 0.1
114 0.6± 0.3 0.1± 0.1 0.1± 0.05 0.3± 0.2
115 0.6± 0.4 0.1± 0.1 0.1± 0.1 0.4± 0.2
116 0.8± 0.4 0.1± 0.04 0.2± 0.1 0.5± 0.3
117 0.4± 0.3 0.1± 0.1 0.3± 0.2
118 0.2± 0.2 0.2± 0.1 0.03± 0.02

Intensity (%) 22.5± 10.4 13.9± 5.4 33.2± 10.2 29.5± 11.5 0.9± 0.7

Table S15: The integrated intensities of Newton frame covariance maps between C+ and C3HySe
+

fragments (m/z = 112− 118u).
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Figure S16: The summed relative intensities of fragmentation channels producing CH+ and all
C3HySe

+ co-fragments incorporating the different selenium isotopes, also given in Table S16. These
covariances made up 0.6± 0.2% of all covariances observed for the CnHx

+ +C(4−n)HySe
+ (where

x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

C3HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

112 0.2± 0.2 0.2± 0.2
113 0.3± 0.2 0.2± 0.1 0.1± 0.1
114 0.1± 0.3 0.01± 0.1 0.01± 0.1 0.03± 0.2
115 0.1± 0.4 0.03± 0.1 0.02± 0.1 0.1± 0.2
116 0.6± 0.3 0.1± 0.03 0.2± 0.1 0.4± 0.2
117 0.3± 0.3 0.1± 0.1 0.2± 0.2
118 0.1± 0.2 0.1± 0.2 0.01± 0.03

Intensity (%) 25.0± 16.2 13.9± 8.8 22.3± 20.7 38.0± 20.1 0.8± 1.9

Table S16: The integrated intensities of Newton frame covariance maps between CH+ and C3HySe
+

fragments (m/z = 112− 118u).
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Figure S17: The summed relative intensities of fragmentation channels producing CH2
+ and all

C3HySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S17. These

covariances made up 0.8± 0.2% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

C3HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

112 0.04± 0.2 0.04± 0.2
113 0.03± 0.2 0.02± 0.1 0.01± 0.1
114 0.1± 0.4 0.01± 0.1 0.01± 0.1 0.03± 0.2
115 0.1± 0.2 0.02± 0.1 0.1± 0.2
116 0.5± 0.3 0.2± 0.1 0.4± 0.2
117 0.1± 0.2 0.1± 0.2
118 0.01± 0.2 0.01± 0.1 0.001± 0.02

Intensity (%) 8.43± 29.02 4.7± 15.3 30.6± 36.0 56.0± 39.4 0.2± 2.8

Table S17: The integrated intensities of Newton frame covariance maps between CH2
+ and C3HySe

+

fragments (m/z = 112− 118u).
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Figure S18: The summed relative intensities of fragmentation channels producing CH3
+ and all

C3HySe
+ co-fragments incorporating the different selenium isotopes, also given in Table S18. These

covariances made up 4.2± 0.4% of all covariances observed for the CnHx
+ +C(4−n)HySe

+ (where
x + y ≤ 4) fragmentation channels. The error bars correspond to uncertainty values obtained from
an adapted bootstrapping method outlined in the Methods section. Red dots indicate the natural
selenium isotope abundances. The expected Se isotope abundances are also given by red dots.

C3HySe
+ m/z Intensity (arb. u.) 76Se (9.2%) 77Se (7.6%) 78Se (23.7%) 80Se (49.8%) 82Se (8.8%)

112 1.6± 0.5 1.6± 0.5
113 1.2± 0.5 0.7± 0.3 0.7± 0.2
114 3.4± 0.8 0.8± 0.2 2.5± 0.6
115 0.2± 0.4 0.2± 0.4
116 7.5± 1.3 7.5± 1.3
117 0.2± 0.3 0.2± 0.3
118 1.3± 0.5 1.3± 0.5

Intensity (%) 14.7± 3.8 9.0± 1.9 17.8± 4.7 50.2± 8.8 8.4± 3.0

Table S18: The integrated intensities of Newton frame covariance maps between CH3
+ and C3HySe

+

fragments (m/z = 112− 118u).
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2 All CnH
+
x /C(4−n)HySe

+ channel intensities

Table S19 lists the relative intensities of every observed reaction channel producing CnH
+
x and C(4−n)HySe

+,
with n = 1 − 4 and x + y ≤ 4. This is a more comprehensive version of Table 2 from the main text
and includes 22 additional channels with relative intensities that are each less than 1% of the total.
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Product Pair Fragmentation Channel Relative Intensity (%) Summed Intensity (%)

C4Hx
+ + SeHy

+ C4
+ + Se+ + 4H0/+ 1.6± 0.3 54.0± 1.7

C4
+ + SeH+ + 3H0/+ 2.4± 0.4

C4
+ + SeH2

+ + 2H0/+ 1.0± 0.2
C4H

+ + Se+ + 3H0/+ 4.5± 0.4
C4H

+ + SeH+ + 2H0/+ 5.3± 0.6
C4H

+ + SeH2
+ + H0/+ 3.0± 0.3

C4H2
+ + Se+ + 2H0/+ 7.9± 0.7

C4H2
+ + SeH+ + H0/+ 7.9± 0.6

(i) C4H2
+ + SeH2

+ 5.6± 0.5
C4H3

+ + Se+ + H0/+ 6.1± 0.6
(ii) C4H3

+ + SeH+ 6.1± 0.6
(iii) C4H4

+ + Se+ 2.6± 0.4

C3Hx
+ + CHySe

+ C3
+ + CSe+ + 4H0/+ 0.7± 0.2 23.2± 1.1

C3
+ + CHSe+ + 3H0/+ 1.0± 0.2

C3
+ + CH2Se

+ + 2H0/+ 0.8± 0.2
C3

+ + CH3Se
+ + H0/+ 1.1± 0.3

C3H
+ + CSe+ + 3H0/+ 1.1± 0.2

C3H
+ + CHSe+ + 2H0/+ 1.6± 0.3

C3H
+ + CH2Se

+ + H0/+ 1.0± 0.2
(iv) C3H

+ + CH3Se
+ 1.6± 0.3

C3H2
+ + CSe+ + 2H0/+ 1.3± 0.3

C3H2
+ + CHSe+ + H0/+ 3.4± 0.4

C3H2
+ + CH2Se

+ 0.9± 0.2
C3H3

+ + CSe+ + H0/+ 1.9± 0.3
(v) C3H3

+ + CHSe+ 6.3± 0.7
C3H4

+ + CSe+ 0.6± 0.2

C2Hx
+ + C2HySe

+ C2
+ + C2Se

+ + 4H0/+ 0.4± 0.1 15.7± 0.8
C2

+ + C2HSe+ + 3H0/+ 0.5± 0.1
C2

+ + C2H2Se
+ + 2H0/+ 0.3± 0.1

C2
+ + C2H3Se

+ + H0/+ 0.2± 0.1
C2H

+ + C2Se
+ + 3H0/+ 1.0± 0.2

C2H
+ + C2HSe+ + 2H0/+ 0.8± 0.2

C2H
+ + C2H2Se

+ + H0/+ 1.0± 0.2
C2H

+ + C2H3Se
+ 0.6± 0.1

C2H2
+ + C2Se

+ + 2H0/+ 2.1± 0.3
C2H2

+ + C2HSe+ + H0/+ 3.1± 0.4
(vi) C2H2

+ + C2H2Se
+ 1.5± 0.2

C2H3
+ + C2Se

+ + H0/+ 2.6± 0.4
(vii) C2H3

+ + C2HSe+ 1.6± 0.3

CHx
+ + C3HySe

+ C+ + C3Se
+ + 4H0/+ 0.4± 0.1 7.1± 0.7

C+ + C3HSe+ + 3H0/+ 0.3± 0.1
C+ + C3H2Se

+ + 2H0/+ 0.2± 0.1
C+ + C3H3Se

+ + H0/+ 0.1± 0.05
CH+ + C3Se

+ + 3H0/+ 0.2± 0.1
CH+ + C3HSe+ + 2H0/+ 0.1± 0.1
CH+ + C3H2Se

+ + H0/+ 0.1± 0.1
CH+ + C3H3Se

+ + 0.1± 0.04
CH2

+ + C3Se
+ + 2H0/+ 0.2± 0.1

CH2
+ + C3HSe+ + H0/+ 0.1± 0.1

CH2
+ + C3H2Se

+ 0.1± 0.1
CH3

+ + C3Se
+ + H0/+ 4.5± 0.6

(viii) CH3
+ + C3HSe+ 0.6± 0.2

Total 100± 2.3

Table S19: The relative integrated intensities of ‘two-body’ fragmentation channels obtained via
Newton-frame covariance, bootstrapping analysis and isotope abundance considerations.
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3 H0/+ dynamics in channels producing CnH
+
x and C(4−n)HySe

+

Table S19 indicates that 72% of the ‘two-body’ CnH
+
x /C(4−n)HySe

+ channels lose at least one H0/+

species. More instructive information about these H0/+ dynamics can be gained from the corre-
sponding fragment momentum distributions provided by Newton-frame covariance imaging. The
CnH

+
x /C(4−n)HySe

+ covariances can be grouped into two distinct categories that inform on the be-

haviour of the H0/+ species: first, those where hydrogen atoms are missing (i.e., where x + y < 4);
and second, those that exhibit hydrogen migration (e.g., as in the C3H

+/CH3Se
+ case, where the

selenium-containing fragment has more hydrogens than would be expected from the parent structure).
Figures S19(a) and (b) illustrate how the summed kinetic energy (ΣKE) of the CnH

+
x /C(4−n)HySe

+

products in these categories varies. To focus the discussion, we have only included covariances involving
fragments that contain the most abundant selenium isotope, 80Se, as these yield the most intense and
well-resolved features. However, as discussed in the main text, it should be noted that these may
include contributions from other, more minor, fragmentation channels that generate products with the
same m/z, which adds some uncertainty to the summed kinetic energies. A large kinetic energy spread
is seen for both categories. As such, subsets of the data were considered in order to independently
assess the effects of H0/+ loss or migration. These are shown in Figures S19(c) and (d), respectively.
The former demonstrates that, for the 18 channels observed to lose hydrogen atoms without any clear
evidence of migration, there is a slight increase in kinetic energy once three or more hydrogens are
lost, suggesting that most of these are neutral. This is consistent with the formation of parent di-
or trications, as discussed in the main text. Figure S19(d) illustrates that, in the 7 cases where no
hydrogens are lost but some migration occurs, the kinetic energy significantly decreases when at least
two hydrogens are rearranged. This indicates a larger intercharge separation distance, and potentially
a more extended (possibly ring-opened) structure prior to the fragmentation.

Figure S19: The summed kinetic energies (ΣKE) of carbon-containing products of
CnHx

+/C(4−n)HySe
+ channels involving the 80Se isotope, plotted as a function of (a) the number of

hydrogen atoms lost, and (b) the number of hydrogen atoms that migrate between fragments. Panels
(c) and (d) respectively present subsets of the data in (a) and (b) where no hydrogen migration or
loss has occurred.
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4 Many-body selenophene fragmentation

The approximately back-to-back (180◦) recoil exhibited by the covariant fragments in Figure 3 suggests
they are the only heavy ions involved in their reaction channels, as the presence of a third heavy
ion would perturb their trajectories by electrostatic repulsion. As such, their production must be
accompanied by a neutral carbon-containing fragment.

To identify the mechanism, it is useful to consider whether the fragment momenta are indicative
of a concerted or sequential process [1]. Consider a generic triatomic dication, ABC2+, that fragments
concertedly or sequentially as follows:

ABC2+ → A+ +B+ +C (4)

ABC2+ → A+ +BC+ → A+ +B+ +C (5)

ABC2+ → AB2+ +C → A+ +B+ +C (6)

If the fragmentation is concerted, as in reaction (4), it will primarily be driven by Coulombic repul-
sion, such that the primary momenta (p⃗I) of the ionic fragments will essentially be equal and opposite,
with the neutral receiving very little impulse. However, if the molecule fragments through an initial
charge separation step followed by secondary neutral dissociation, as in reaction (5), the subsequent
dissociation of the intermediate product into neutral and ionic species partitions the primary momen-
tum gained from the Coulombic repulsion into the secondary products according to their masses. The
secondary products also gain an additional momentum component, p⃗II, from the neutral dissociation.
In this case, the momentum of the secondary ion can be expressed as [1]:

p⃗B = −mBp⃗I
mBC

+ pII. (7)

Finally, if the molecule instead fragments through deferred charge separation, as in reaction (6), the
corresponding momentum of the secondary ion will be as follows (where p⃗I and p⃗II now represent
neutral dissociation and charge separation, respectively):

p⃗B = −mBp⃗I
mAB

+ pII. (8)

Since p⃗II is much less than p⃗I in equation (7), but much greater than p⃗I in equation (8), it can be
seen that the momentum of the secondary ion is approximately the same for reactions (4) and (6), but
different for reaction (5), which enables the latter to be isolated. This was carried out by restricting
the Newton-frame covariance analysis to only include fragments whose momenta satisfied equation (7).
The value of p⃗II was set to 30 a.u., which provided some leeway to account for the small amount of
momentum gained by the neutral dissociation, as well as additional contributions from potential H0/+-
loss processes (see Section 6 for further details). This value was empirically determined to produce the
best contrast between the fragmentation channels shown in Figure 3.
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5 Probe pulse energy distribution

Figure S20 displays the attenuated SACLA pulse energy distribution within the interaction region of
the spectrometer during the reported experiments. Its Gaussian mean and standard deviation are
1.9± 0.2µJ. This data was subsequently divided into ten bins with equal numbers of laser shots in
order to perform contingent covariance analysis, as described in the main text [2, 3]. The bounds of
these subsets are shown by the dashed lines.

Figure S20: A histogram of the attenuated 120 eV pulse energies. The Gaussian mean and standard
deviation are 1.9± 0.2µJ. The vertical lines indicate the boundaries of ten bins containing equal
numbers of laser shots, which were used for contingent covariance analysis.
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6 Covariance analysis constraints

In the present experiment, velocity-map imaging produces Newton spheres of ions that, for closely-
spaced m/z peaks, can remain partially overlapped as they reach the detector. This results in broad
structures along the time-of-flight (m/z) coordinate with unclear boundaries for the starting and ending
points of the Newton spheres involved. For example, the m/z signals in Figures S21(a) and S21(b)
respectively contain overlapping contributions from C4H

+
x (x = 0 − 4) and Se+/SeH+

y (with all Se
isotopes, and y = 1− 2). Selecting a wide time-of-flight range (indicated by pairs of vertical lines) for
their Newton-frame covariance analysis leads to the appearance of non-physical features in the resulting
covariance map, which can be attributed to the inclusion of ions from other, uncorrelated Newton
spheres. For example, Figures S21(c)-(f) display the Newton-frame covariance maps of 80Se+/78SeH+

2

with respect to C4H
+
2 for different time-of-flight ranges (in nanoseconds). These ions originate from

two-body processes (ignoring H0/+ loss) and should therefore exhibit back-to-back recoil. However,
shallower recoil angles are also observed in (c)-(e). These latter features are non-physical and disappear
when narrower time-of-flight ranges are used for the analysis. These constraints effectively restrict the
data used for the covariance calculations to ions that are within the central slices of the Newton
spheres; that is, those with momenta distributed perpendicular to the time-of-flight axis. Figure
S21(f) demonstrates that these limits virtually eliminate the appearance of the non-physical features,
but retain the signal of interest. A time-of-flight window of ±10 ns provides an optimal balance that
reduces Newton-sphere overlap whilst retaining as much signal as possible from the feature of interest.
We note that, since time-of-flight is non-linearly related tom/z, this filter selects differentm/z fractions
per ion species. Choosing the same, still narrow, m/z fraction for each ion species instead does not
significantly change the extracted relative intensities of covariances. Furthermore, filtering the data
using the same m/z does not account for the various contributions of different fragmentation channels
that generate products with different momenta and dispersion within the respective Newton sphere.
Therefore, uniform time-of-flight limits were chosen across all ion species for this analysis.

A second constraint was applied to the Newton-frame covariance calculations to improve the signal-
to-noise ratio when integrating the intensities of covariance maps. Fragments generated from two-body
breakup processes have equal and opposite momenta. Their total three-dimensional momentum, as
determined by the measured p⃗x, p⃗y and p⃗z components, should therefore sum to zero. However, H0/+

loss imparts a small amount of momentum to these fragments and hence changes this sum. To account
for this effect, a total momentum limit, plim, was applied to the covariance calculations, which ensured
that the three-dimensional momentum components of the ion pairs (A and B) obeyed the following
equation:

p⃗x,y,z(A) + p⃗x,y,z(B) = 0± plim. (9)

The above equation also accounts for the inherent momentum resolution of the VMI spectrometer. This
was approximately eight atomic units (a.u.) under the applied experimental conditions [4], meaning
that even the measured momenta of ions generated from purely two-body mechanisms may not always
sum to zero.

Figure S22 illustrates the effects of setting plim at 100 a.u. and 20 a.u. for two ion pairs that differ
by their signal-to-noise ratios. In the first, which examines the momentum distribution of CHySe

+

(m/z = 93u) with respect to C3H3
+ (i.e., the example used in Figure 2 of the main text), the covariant

feature is not visibly altered when the momentum limit is decreased. In the second, an ion pair with
a much lower signal-to-noise ratio is considered. Here, the momentum distribution of CHySe

+ is
plotted with respect to C3H

+, which is less abundant than C3H3
+. In this case, background noise

with comparable intensity to the feature of interest is observed when plim is set at 100 a.u., making
it difficult to isolate the feature of interest. By contrast, this noise is mostly removed when the
limit is lowered. Further reducing plim visibly depletes the features of interest, as this begins to
approach the momentum resolution of the spectrometer. A plim of 20 a.u. was therefore used in all
CnHx

+/C(4−n)HySe
+ covariance calculations to improve their signal-to-noise ratios.
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Figure S21: (a) and (b) show the m/z spectra for C4Hx
+ and SeHy

+ fragments, respectively; (c) and
(d) show the m/z spectra for both fragments with respect to the ion hit position on the detector.
The regions indicated by pairs of dashed lines in (a) and (b) were used to produce the Newton-frame
covariance maps in (e)-(h), which show the recoil of SeHy

+ (m/z = 80u) ions relative to C4H2
+ ions.

Non-physical, off-180◦ features are observed in (e)-(g) due to contributions from neighboring fragments
whose Newton spheres overlap with the ions of interest. The narrowest highlighted regions in (a) and
(b) were used to calculate the Newton-frame covariance map (h), where the appearance of the non-
physical features seen in (e)-(g) have been reduced. Each Newton-frame covariance map is normalized
to its own maximum, with a color scale set to 0.5 arb. u. to better visualize the non-physical features.
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Figure S22: Newton-frame covariance maps of the momenta of CHySe
+ ions (m/z = 93u) relative to

C3H3
+ calculated with a plim of (a) 100 a.u. and (b) 20 a.u.; (c) and (d) show the momenta of CHySe

+

relative to C3H
+ ions with the same plim values as (a) and (b), respectively. Each covariance map is

normalized to its own maximum, with the image contrast set to 0.4 arb. u. to best visualize the effect
of varying plim on background noise reduction.
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