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Abstract

Deuteration of hydrocarbon material, including polycyclic aromatic hydrocarbons (PAHs), has been proposed to
account for the low gas-phase abundances of D in the interstellar medium (ISM). JWST spectra of four star-
forming regions in M51 show an emission feature, with central wavelength ∼4.647 μm and FWHM 0.0265 μm,
corresponding to the C–D stretching mode in aliphatic hydrocarbons. The emitting aliphatic material is estimated
to have (D/H)aliph. ≈0.17 ± 0.02—a factor of ∼104 enrichment relative to the overall ISM. On ∼50 pc scales,
deuteration levels toward four H II regions in M51 are 2–3 times higher than in the Orion Bar photodissociation
region (PDR), with implications for the processes responsible for the formation and evolution of hydrocarbon
nanoparticles, including PAHs. The deuteration of the aliphatic material is found to anticorrelate with helium
ionization in the associated H II, suggesting that harsh far-UV radiation may act to lower the deuteration of
aliphatics in PDRs near massive stars. No evidence is found for deuteration of aromatic material, with
(D/H)arom.  0.016: deuteration of the aliphatic material exceeds that of the aromatic material by at least a factor of
10. The observed levels of deuteration may account for the depletion of D observed in the Galactic ISM. If so, the
4.65 μm feature may be detectable in absorption.

Unified Astronomy Thesaurus concepts: Interstellar abundances (832); Interstellar dust (836); Interstellar extinction
(841); Interstellar line emission (844); Interstellar medium (847); Emission nebulae (461); Galaxies (573)

1. Introduction

The abundance of deuterium provides key insights into many
phenomena, ranging from nucleosynthesis in the early
Universe to processes in the interstellar medium (ISM).
Absorption line studies of gas at high redshift find
D/H ≈ (25.5 ± 0.3) ppm, consistent with the predictions of
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Big Bang nucleosynthesis (T.-H. Yeh et al. 2021 and references
therein). Absorption line studies of gas-phase deuterium in the
ISM find (D/H)gas as high as 23 ppm (J. L. Linsky et al. 2006),
consistent with the expected small reduction in D/H by the
stellar processing (“astration”) that has enriched the ISM with
heavy elements. However, careful absorption line studies
(E. B. Jenkins et al. 1999) discovered spatial variability in
(D/H)gas, with very low /( ) = -

+D H 7.4 ppmgas 1.3
1.9 in the diffuse

gas toward δOri. Low values of (D/H)gas have since been
observed on many Galactic sight lines, with (D/H)gas ≈ 18 ppm
in the nearby ISM and ∼8.6 ± 0.8 ppm for a number of sight
lines with 5 × 1020 cm−2  NH  2 × 1021 cm−2 (J. L. Linsky
et al. 2006). A recent study by S. D. Friedman et al. (2023) has
several sight lines with (D/H)gas < 9 ppm. Remarkably, as much
as two-thirds of the D is missing from the gas phase in some
diffuse regions.

It has been conjectured that the “missing” D—up to ∼14 ppm
with respect to H—has been incorporated into hydrocarbon
grains (M. Jura 1982; B. T. Draine 2004, 2006), presumably
including the polycyclic aromatic hydrocarbon (PAH) popula-
tion. Deuterated hydrocarbons would have emission features
in the 4.3–4.7 μm range due to the C–D stretching mode
(L. J. Allamandola et al. 1989, 1993).

L. Verstraete et al. (1996) found an unidentified emission
band at 4.65 μm in the ISO-SWS spectrum of the M17
photodissociation region (PDR), and E. Peeters et al. (2004)
reported emission bands at 4.4 μm (present at the 1.9σ level)
and 4.65 μm (present at the 4.4σ level) in the ISO-SWS
spectrum of the Orion Bar, identifying them as C–D stretching
modes of deuterated PAHs.

AKARI spectra of a molecular cloud in the LMC showed an
unidentified dust emission feature at 4.65 μm (F. Boulanger
et al. 2011). K. D. Doney et al. (2016) used AKARI spectra of
Galactic H II regions to search for deuterated PAHs. In 6 of 53
targets, features were seen (at 4.63 μm and 4.75 μm) that were
attributed to aliphatic C–D stretching modes in PAHs, but
interpretation was difficult due to blending with strong
emission lines observed with the limited spectral resolution
R ≈ 100 of AKARI. T. Onaka et al. (2022) reported an
emission feature at 4.4 μm, which they attributed to the
aromatic C–D stretch, in the AKARI spectrum of a massive
young stellar object.

C. Boersma et al. (2023) analyzed JWST spectra of a number
of Galactic sources, confirming the 4.65 μm emission feature in
M17, with FWHM ≈ 0.02 μm. E. Peeters et al. (2024) verified
this feature in JWST spectra of the Orion Bar PDR, with central
wavelength λ0 ≈ 4.645 μm, and reported tentative detection of
emission at 4.35 μm that they attributed to aromatic C–D.

The unprecedented sensitivity and excellent spectral resolu-
tion of JWST (J. P. Gardner et al. 2023) enable us to search in
the Whirlpool galaxy (M51) for evidence that deuterium is
sequestered in hydrocarbon nanoparticles. Here we report
spectra31 of four star-forming regions. All show an emission
feature near 4.65 μm, attributable to the aliphatic C–D stretch.
After correcting for the complex gas-phase emission spectrum
in this wavelength range, we find that all four regions are well
fitted by a common band profile, with central wavelength
λ0 ≈ 4.647 μm and FWHM = 0.0265 μm. This profile is
consistent with observations of the Orion Bar. Relative to the
3.4 μm emission feature, the aliphatic C–D feature is 2–3 times

stronger in M51 than in the Orion Bar, indicating a higher
degree of deuteration.
Our spectra show no evidence of any feature near 4.40 μm,

as would be expected for the aromatic C–D stretch, nor do we
see evidence of a suggested aliphatic feature near 4.75 μm.
Our observations are reported in Section 2. The effects of

deuteration are reviewed in Section 3. Section 4 describes
modeling of the gas-phase emission (and absorption) that must
be allowed for to extract the emission feature. Our results are
presented and discussed in Section 5 and summarized in Section 6.

2. Observations

2.1. M51

Three regions of M51 have been spectroscopically mapped
from 1 to 28 μm as part of the Cycle 2 JWSTM51 Treasury (GO
3435) using JWST NIRSpec (T. Böker et al. 2022; P. Jakobsen
et al. 2022) and MIRI-MRS (I. Argyriou et al. 2023). The
NIRSpec observations used the medium-resolution grating/filter
combinations G140M/F100LP, G235M/F170LP, and G395M/
F290LP to obtain spectral resolution R ∼ 1000. Each region was
covered with four individual pointings to create a small strip that
cuts across the spiral arm, with four dither positions per pointing.
To remove stray light from open Micro-Shutter Assembly
shutters, we obtained a “leakcal” observation at every dither
position for NIRSpec.
A full description of the observational program and data

reduction will be presented in an upcoming paper (D. A. Dale
et al. 2025, in preparation). In brief, we downloaded the
uncal files from the Mikulski Archive for Space Telescopes
(MAST) and reduced them with the JWST pipeline. For
NIRSpec, we used version 1.16.1.dev14 of the pipeline (which
allows for 1/f noise removal from both the science and leakcal
observations) with CRDS jwst_1293.pmap. We processed
the observations through the Detector1 pipeline, including 1/f
noise correction with the clean_flicker_noise step. We
then processed the data through the Spec2 and Spec3 pipeline
stages, including the “leakcal” subtraction, and created drizzled
cubes with 0 .05 pixels for each grating/filter combination.
We extracted spectra in four = r 0 .75 (∼27 pc at the 7.5Mpc

distance of M51) circular apertures targeting H II regions, shown in
Figure 1, from each individual cube, propagating uncertainties
from the pipeline-generated error cube. The = r 0 .75 size is large
compared to the point-spread function at λ < 5μm, so we have
not convolved the cubes to a matched angular resolution. To stitch
the spectra from each cube together, we calculated additive offsets
(typically ∼0.1MJy sr−1) between the segments in their over-
lapping spectral regions and tied all orders to the G140M
spectrum. In these bright star-forming regions, the results are not
sensitive to the stitching approach.
The 4–5 μm spectra are shown in Figure 2. Strong emission

lines are present, including H and He recombination lines.
Three of the four spectra show clear evidence of absorption
near 4.26 μm due to CO2 ice. The E-Strip H II spectrum also
shows an absorption feature near 4.6 μm attributed to “XCN”
ice. All four spectra show a dust emission feature near 4.65 μm,
but the spectra are complicated by strong emission lines: H 7-5
Pf β 4.654 μm, multiplets from He I  ¢s ℓ s ℓ1 7 1 5 transitions
(e.g., 1s7d 3D3 → 1s5f F3

4
o4.642 μm), and multiplets from He I

1s5ℓ → 1s4p transitions (e.g., 1s5s 3S1 → 1s4p P3
2
o4.695 μm).31 All wavelengths in this Letter are rest frame, in vacuo.
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2.2. Orion Bar and M17

For comparison with M51, NIRSpec spectra (high-resolu-
tion) of the Orion Bar (“atomic PDR” and “DF1”; E. Peeters
et al. 2024) were obtained,32 and medium-resolution NIRSpec
spectra (x1d full aperture extractions) of M17 (“M17-PDR”
and “M17B-PDR”; C. Boersma et al. 2023) were obtained from
MAST.33

3. Deuteration of Hydrocarbons

C–D and C–H have identical interatomic potentials. Because of
the mass difference, the vibrational frequencies for C–D stretching
and bending modes are lower than for C–H. For free-flying CD and
CH molecules, the difference in reduced masses gives /l l »CD CH

/ =13 7 1.363. With the observed aromatic C–H stretch in
PAHs at λarom.CH = 3.29μm and the C–H stretch in aliphatic
material at λaliph.CH ≈ 3.42μm, the deuterated counterparts are
expected to be near λarom.CD ≈ 4.48μm and λaliph.CD ≈ 4.66μm.
More detailed studies estimate λarom.CD ≈ 4.40μm and λaliph.CD ≈
4.65μm (C. W. Bauschlicher et al. 1997; D. M. Hudgins et al.
2004; X. J. Yang et al. 2020; X. J. Yang & A. Li 2023a;
V. J. Esposito 2024, private communication).
Because the zero-point energy in stretching and bending

modes is lower for CD than for CH, the bond energy is greater
by ∼0.083 eV (B. T. Draine 2006). With CD energetically
favored over CH, one might expect interstellar hydrocarbons to
have D/H ratios larger than (D/H)gas.

4. Modeling the Observed Emission

4.1. Recombination Lines and Reddening

Our goal is to examine the spectra for evidence of emission
from deuterated hydrocarbons in M51. In addition to our
spectra of four star-forming regions in M51, for comparison,
we apply the same analysis to spectra of the “atomic PDR” and
“Dissociation Front 1” (“DF1”) positions in the Orion Bar PDR
(E. Peeters et al. 2024) and two positions in the M17 PDR
(C. Boersma et al. 2023).
We model the observed spectra as line emission plus dust

emission attenuated by a foreground screen of dust with ices
and gas-phase CO,

( ) [ ( )]
( ) [ ( )] ( )

l t t

t t t

= - +

+ + - + +
n n l l

n n l l l

I I

I I

exp

exp , 1

line dust ice

cont CD dust ice CO

where the line emission nI
line and gas-phase CO absorption tl

CO

are obtained from a model, nI
CD is the modeled aliphatic C–D

Figure 1. Image of a portion of M51; RGB = F1800W/F1130W/F560W (18 μm, 11.3 μm, 5.6 μm). Areas where we have obtained complete 1–28 μm spectroscopy
are indicated. Expanded cutouts are Brα (4.05 μm) images of these areas. Spectra have been extracted for the four r = 0.75 circular regions shown in the cutouts.

Figure 2. The 4–5 μm spectra (R≈ 1100) of four star-forming regions in M51 (see
text). Observed wavelengths have been corrected for redshift (see Table 1 for
adopted radial velocities). Three of the spectra show CO2 ice absorption (strongest
in E-Strip H II). The E-Strip H II spectrum also shows 4.56–4.69 μm XCN+CO ice
absorption. A dust emission feature near 4.65 μm is present in all spectra.

32 From https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/685/A74.
33 https://mast.stsci.edu
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emission feature discussed below, and [ ]t-n lI expcont dust is the
observed continuum (including PAH features, except for the
aliphatic C–D feature nI

CD) interpolated over wavelengths
where ice absorption is present. nI

line includes emission from
v = 1 CO (Section 4.3). We assume that the hot v = 1 CO is
not at the same velocity as the bulk of the v = 0 CO, so that
they are not significantly absorbed by v = 0 CO.

The H and He recombination lines are modeled using case B
recombination calculations for H II (P. J. Storey & D. G. Hummer
1995) and He II (G. Del Zanna & P. J. Storey 2022). The
He I 10833Å triplet is assumed to be enhanced by a factor of
∼1.2 due to radiative transfer effects (B. T. Draine 2025, in
preparation). For the four M51 H II regions, we take the electron
temperature Te = 6000 K (as determined for these regions by
K. V. Croxall et al. 2015) and electron density ne = 103 cm−3. For
the ionized gas in the Orion Bar, we take Te = 9000 K and
ne = 3000 cm−3 (R. W. Pogge et al. 1992; K. P. M. Blagrave
et al. 2007). For the ionized gas in M17, we take ne = 500 cm−3

and Te ≈ 8500K (J. Garcìa-Rojas et al. 2007).34 For H I, we
include recombination lines from levels up to n = 49. Simple
Gaussian line profiles are assumed for all lines, using the
published R ≡ λ/FWHM for NIRSpec (P. Jakobsen et al.
2022).35

We fit emission measures EM≡ ∫nen(H
+)dL and He ionization

He+/H+ to reproduce the observed 1–5μm H and He
recombination lines (including He I 1.0833μm, H Paγ 1.0941μm,
H Paα 1.876 μm, and HBrα 4.052μm) in each region. Red-
dening by dust (needed to reproduce the observed line ratios) is
included, modeled as a uniform foreground screen, using the
RV = 5.5 extinction curve from K. D. Gordon et al. (2023).
Table 1 gives EM, He+/H+, and AV for each region. Figure 3
shows the adopted τdust(λ) for the four M51 regions in M51.

Figure 4 shows selected recombination lines for our most
heavily reddened M51 source, NE-Strip H II (AV = 4.2 mag).
Agreement is excellent. The He I 7–5 emission near 4.65 μm
consists of a number of blended lines; the wavelengths of the
strongest lines are shown. Similar results are found for the other
three regions. Evidently, the adopted extinction law works well
for 1–5 μm.

4.2. Ice Absorption

Three of the four spectra in Figure 2 show strong absorption
near 4.26 μm due to CO2 ice (E. L. Gibb et al. 2004), and the
E-Strip H II spectrum has additional ice absorption features
between ∼4.55 and ∼4.70 μm due to “XCN” (=OCN−;
F. A. van Broekhuizen et al. 2004; K. I. Öberg et al. 2011) ice
with a possible contribution from CO ice (E. L. Gibb et al.
2004; T. Onaka et al. 2022). We determine τice(λ) by
comparing the observed continuum with a smooth continuum
interpolated between 4.1 and 4.3 μm and between 4.50 and
4.75 μm (making allowance for the dust emission feature nI

CD

centered at 4.65 μm). Our estimate for the optical depth of the
CO2, OCN

−, and CO ice features is shown in Figure 3.

4.3. Other Emission Lines

The 4–5 μm spectra also include emission lines from H2 and
K III, which have been added to the model spectrum to
reproduce the observed line strengths (see Table 1). For the
Orion Bar positions, we also add the O I multiplet at 4.561 μm
reported by E. Peeters et al. (2024), presumed to be fluorescent
emission. Our M51 spectra show no trace of this line.
Some of our M51 spectra show CO v = 1 → 0 emission

lines, as previously seen in the Orion Bar (E. Peeters et al.
2024). Thus, our models include emission from v = 1 CO, with
rotational states (v = 1, J) populated according to the rotational
temperature Trot,CO,v = 1 given in Table 1. We use Einstein A
coefficients from S. Chandra et al. (1996). The CO emission is
treated as optically thin; the lines are assumed to be sufficiently
displaced in velocity to be unaffected by absorption by v = 0
CO (see below).

4.4. CO Absorption Lines

Some of our model spectra (Equation (1)) include v = 0 → 1
absorption by CO, with the v = 0 rotational levels assumed to be
thermally populated with rotational excitation temperatures
Trot,CO,v = 0 (see Table 1). The adopted CO column densities
N(CO) ≈ 1017 cm−2 are consistent with n(CO)/n(H2) ≈ 2 ×
10−4 in the molecular gas along the line of sight, as observed for
cold molecular gas in the Galaxy (J. H. Lacy et al. 2017),
although N(CO) is not well constrained by the current data. See
the Appendix for further details.

4.5. Continuum and Dust Features

A smoothed continuum (emission from stars, dust, free–
bound, and free–free) was estimated for each of the regions
using the observed spectra between emission lines. The dust
emission includes the well-known PAH emission features at
3.29 and 3.4 μm, as well as weaker dust emission features and
ice absorption features. The modeled emission and absorption
lines are added to this continuum. As discussed below
(Section 5.3), we find that we must add an emission feature
near 4.65 μm to reproduce the observed spectra.

4.6. Uncertainties

In our model, all of the emission is assumed to be attenuated
by a foreground screen with a single AV, which is clearly
unrealistic. Because the modeling also involves subjective
decisions regarding (1) placement of continuum levels, (2)
estimation of the strength and wavelength dependence of
absorption by ices, and (3) choices regarding the central
wavelength and FWHM of the 4.65 μm feature, we do not
attempt a rigorous estimation of uncertainties. The uncertainties
listed for different quantities in Table 1 are our subjective
estimates; they are larger than would be estimated from
statistical uncertainties alone.

5. Results and Discussion

5.1. The Selected Emission Regions

The areas in M51 selected here all include giant H II regions.
From the hydrogen recombination lines, we infer the rate of

34 For most of the H and He recombination lines, line ratios are insensitive to
reasonable variations in ne and Te.
35 Our M51 spectra and the M17 spectra were obtained with the NIRSpec
medium-resolution mode. The Orion Bar spectra (E. Peeters et al. 2024) were
obtained with the high-resolution mode.
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Table 1
Emission Parameters for Modeled Regions

M51 M51 M51 M51 Orion Orion M17 M17-B
NE-Stripa SW-Strip,1b SW-Strip,2b E-Stripc Atomic PDR DF1 PDR PDR

vr (km s−1)d 420 500 485 500 18 18 25 15
Rgc (kpc)

e 4.13 4.25 4.34 1.12 8.2 8.2 6.5 6.5
ne (cm

−3) 103 103 103 103 3 × 103 3 × 103 500 500
Te (K) 6 × 103 6 × 103 6 × 103 6 × 103 9 × 103 9 × 103 8 × 103 8 × 103

EM (1023 cm−5) 3.65 ± 0.1 1.90 ± 0.1 1.00 ± 0.1 2.05 ± 0.10 60. ± 5 30. ± 3 14.5 ± 1.0 120. ± 10
 ( )-N 10 sL

48 1 3100 1600 850 1700 K K K K
He+/H+ 0.030 ± 0.002 0.020 ± 0.002 0.023 ± 0.002 0.015 ± 0.002 0.036 ± 0.002 0.036 ± 0.002 0.052 ± 0.005 0.038 ± 0.004
AV (mag) 4.2 ± 0.2 2.2 ± 0.2 1.4 ± 0.2 3.0 ± 0.2 1.0 ± 0.2 0.8 ± 0.2 7.0 ± 0.5 10.5 ± 0.5
NCO,v=0 (10

16 cm−2) 10 1 0.5 30 0.3 0.5 10 10
Trot,CO,v=0 (K) 15 15 15 40 15 15 15 15
NCO,v=1 (10

6 cm−2) 10 5 2 10 30 30 100 50
Trot,CO,v=1 (K) 50 100 100 100 120 100 100 100
F(H2 4.4096 μm)f 2.0 ± 0.5 1.1 ± 0.5 0.25 ± 0.25 1.2 ± 0.6 15 ± 2 32 ± 3 20 ± 2 24 ± 5
F(H2 4.4171 μm)f 1.5 ± 0.5 0.7 ± 0.5 0.2 ± 0.2 0.7 ± 0.6 12 ± 2 20 ± 3 16 ± 2 20 ± 4
F(O I 4.561 μm)f,g 0.7 ± 0.7 <0.3 <0.2 <0.3 50 ± 5 4 ± 1 4 ± 4 12 ± 4
F(H2 4.5757 μm)f 0.4 ± 0.4 0.2 ± 0.2 <1 0.4 ± 0.3 3 ± 2 10 ± 2 4 ± 4 9 ± 2
F([K III] 4.6180 μm)f 11.5 ± 1.0 4.5 ± 0.5 1.6 ± 0.2 1.1 ± 0.1 95 ± 10 53 ± 5 45 ± 5 430 ± 40
F(H2 4.6947 μm)f 7.0 ± 0.7 4.3 ± 0.5 1.5 ± 0.3 6.0 ± 0.5 65 ± 6 155 ± 10 90 ± 5 110 ± 10
Baliph.CD (MJy sr−1)h 8.5 ± 0.8 6.5 ± 1.0 2.7 ± 0.7 5.0 ± 1.3 75 ± 11 55 ± 8 45 ± 9 90 ± 18
B4.35 μm (MJy sr−1)h <1.0 <0.7 <0.5 <1.0 <20 <10 <10 <10
B4.40 μm (MJy sr−1)h <1.0 <0.5 <0.5 <1.0 <10 <10 <8 <10
B4.75 μm (MJy sr−1)h <1.0 <1.0 <0.5 <1.5 <15 <15 <8 <20
Faliph.CD (4.65 μm) 38. ± 4 32. ± 5 14. ± 4 23. ± 6 410. ± 60 300. ± 45 175. ± 35 280. ± 60
Farom.CD (4.40 μm) <18 <8 <8 <17 <150 <150 <200 <200
Farom.CD (4.75 μm) <8 <9 <5 <13 <140 <140 <55 <110

( )mF 3.29 marom.CH
clip,corr f,h 1610 ± 80 915 ± 50 376 ± 20 925 ± 50 36,500 ± 1100 23,300 ± 700 8780 ± 440 13,300 ± 670

( )mF 3.4 mnonarom.CH
clip,corr f,h 395 ± 40 225 ± 23 87 ± 9 212 ± 21 7380 ± 370 5140 ± 260 2500 ± 250 3860 ± 390

( )mF 4.65 maliph.CD
corr f,h 49 ± 5 38 ± 6 16 ± 4 43 ± 7 434 ± 65 318 ± 48 260 ± 50 520 ± 100

( )mF 4.40 marom.CD
corr f,h <14 <7 <7 <14 <140 <140 <110 <140

( )mF 4.35 mnitrileCN
corr f,h,i <15 <10 <7 <15 <300 <150 <150 <150

( )mF 4.75 marom.CD
corr f,h,j <10 <10 <5 <15 <150 <150 <80 <200

/F Fnonarom.CH
clip,corr

arom.CH
clip,corr f 0.246 0.246 0.232 0.229 0.202 0.221 0.284 0.290

/F Faliph.CD
corr

nonarom.CH
clip,corr f 0.12 0.17 0.18 0.14 0.059 0.062 0.10 0.13

/F Farom.CD
corr

arom.CH
clip,corr f <0.009 <0.008 <0.019 <0.015 <0.004 <0.006 <0.013 <0.010

/F FnitrileCN
corr

arom.CH
clip,corrf <0.009 <0.011 <0.019 <0.015 <0.008 <0.006 <0.016 <0.011

/mF F4.75 m
corr

arom.CH
clip,corrf <0.006 <0.011 <0.013 <0.016 <0.004 <0.006 <0.009 <0.015

Notes.
a NE-Strip H II = NGC 5194 + 91.0 + 69.0 (K. V. Croxall et al. 2015).
b SW-Strip H II-1 and H II-2 = NGC 5194 − 86.5 − 79.4 (K. V. Croxall et al. 2015).
c E-Strip H II = NGC 5194 + 30.2 + 2.2 (K. V. Croxall et al. 2015).
d Heliocentric radial velocity.
e Distance from galaxy center.
f Surface brightness of line or feature (10−6 erg cm−2 s−1 sr−1).
g O I  ¢p p p d2 4 P 2 3 DJ

J
3 3 3 3 o .

h Extinction-corrected.
i Assuming FWHM  0.06 μm.
j Assuming FWHM = 0.047 μm (K. D. Doney et al. 2016).
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B
2 50

3.8 10 cm s

EM

10 cm 7.5Mpc

2
1B

13 3 1 23 5

for each region, where EM is the emission measure averaged over
the extraction area with solid angle Ω = 4.15 × 10−11 sr, αB is the
“case B” recombination rate coefficient (αB≈ 3.8× 10−13 cm3 s−1

for Te≈ 6000K), andD= 7.5 Mpc (G. Csörnyei et al. 2023) is the
distance of M51. The inferred NL range from 9 × 1050 s−1 for
E-Strip H II to 3.1 × 1051 s−1 for NE-Strip H II.

The He+/H+ values of 0.015–0.030 inferred from the He I
recombination lines (see Table 1) from the four regions in M51
correspond to ionization by stars of spectral type between
O8.5V and O9V, with Lyman continuum photon emission rate
Q0 ≈ 1048.1 s−1 (F. Martins et al. 2005). Thus, each of the four
regions contains ∼103 O stars (and many more B stars).

Molecular cloud material is abundant in each of these star-
forming regions, given the CO2 ice absorption features in all
four spectra (see Figure 2), strong H2 rovibrational emission
lines, and evidence of gas-phase CO absorption and emission
lines in some of the spectra (see below). Much of the stellar
radiation is presumably reprocessed in PDRs at the boundaries
between H II regions and molecular clouds.

5.2. The C–H Stretch Emission Features

Figure 5 shows normalized 3.1–3.65 μm emission spectra
(after removal of emission lines by interpolation) from the four
H II region extractions in M51, the two Orion Bar positions,
and the two positions in M17. In addition to the strong peak at
3.29 μm, all eight spectra exhibit a broad feature extending
from 3.37 to 3.60 μm. This complex appears equivalent to the
broad “plateau” at 3.47 μm found at lower resolution by
T. S. Y. Lai et al. (2020), resolved at higher resolution into
peaks at 3.402, 3.465, 3.518, and 3.56 μm.

The 3.29 μm feature is the aromatic C–H stretching mode in
PAHs (A. Leger & J. L. Puget 1984; L. J. Allamandola et al.
1985; A. G. G. M. Tielens 2008). The similarity of the 3.29 μm
feature in the eight spectra is striking. Except for the wings, the
3.29 μm feature can be approximated by a Drude profile,

/ /( )
( )g

l l l l g
=

- +nI B , 3CD
2

0 0
2 2

with central wavelength λarom.CH = 3.289μm and FWHM =
0.0423μm (γarom.CH = 0.013), as shown in Figure 5.
The broad emission feature extending from 3.37 to 3.60 μm

presumably includes a small contribution from aromatic C–H
overtone emission (L. J. Allamandola et al. 1989) but is dominated
by C–H stretching modes in nonaromatic material. The 3.40 μm
feature (which E. Peeters et al. 2024 find to be composed of
subcomponents centered at 3.395, 3.403, and 3.424μm) is
generally ascribed to the C–H stretch in methylene (−CH2−)
groups in aliphatic hydrocarbons (L. J. Allamandola et al. 1989).
The 3.46μm and 3.52μm emission features have been attributed
to H attached to diamond-like carbon (L. J. Allamandola et al.
1992; C. Van Kerckhoven et al. 2002).
Let Farom.CH be the power in the 3.29μm aromatic C–H stretch

feature and Fnonarom.CH be the power in the 3.37–3.60 μm
nonaromatic C–H stretch features. Decomposition of the observed
emission into components plus an underlying continuum is
problematic because of both blending and the uncertain nature of
the underlying emission “plateau.”36

We quantify Farom.CH and Fnonarom.CH using the model-free
empirical “clipping” method37 described in B. T. Draine
et al. (2021). Figure 6 shows two examples of this clipping
procedure; the shaded areas show the integrated power

Figure 3. Estimated extinction due to dust (dashed curves) and ices (red curves) over the 4–5 μm range for the four regions in M51 (see text).

36 See, e.g., the alternative decompositions shown in Figure 16 of E. Peeters
et al. (2024).
37 l l= +lF a blncut is defined passing through l lFobs at “clip points” λ1,λ2
= 3.20, 3.37 μm for the aromatic feature and 3.37, 3.60 μm for the
nonaromatic feature. The power in each feature is ( )ò l= -

l

l
l lF F F dclip obs cut

1

2 .
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included in Farom.CH
clip and Fnonarom.CH

clip . Correcting for extinction,

( )= tF e F , 4arom.CH
clip,corr

arom.CH
clip3.29

( )= tF e F , 5nonarom.CH
clip,corr

nonarom.CH
clip3.40

where τ3.29 and τ3.40 are obtained from the K. D. Gordon et al.
(2023) extinction curve with AV determined from the H I

recombination lines. Define

( )ºf
F

F
6

aliph.CH

nonarom.CH
clip

to be the ratio of the true aliphatic C–H emission to the
“clipped” measure of the nonaromatic C–H emission. Blending
and uncertainties about the level of the emission underlying the
nonaromatic features make it difficult to determine f; we take
f ≈ 1.0 as a working estimate.

5.3. Emission from Aliphatic C–D

Figure 7 shows 4.5–4.8 μm spectra for the four regions in
M51; Figure 8 shows the same spectral region for two positions
in the Orion Bar (E. Peeters et al. 2024) and two positions in
the M17 PDR (C. Boersma et al. 2023). As evident in Figure 2,

the M51 spectra include a significant dust emission feature
centered near 4.65 μm, near the expected wavelength of the
aliphatic C–D stretch, similar to the 4.65 μm feature found in
M17 by C. Boersma et al. (2023) and in the Orion Bar by
E. Peeters et al. (2024).
To fit this feature, for all regions, we adopt a simple Drude

profile (Equation (3)) with central wavelength λaliph.CD =
4.647 μm and FWHM = 0.0265μm (γaliph.CD = 0.0057). The
peak intensity Baliph.CD is adjusted so that Equation (1)
approximates the observed emission for each region, as shown in
Figures 7 and 8. There is no reason to expect the actual emission
profile to conform to Equation (3), but with the signal-to-noise
ratio of the present spectra, in a region crowded with numerous
emission lines, our Drude profile provides an acceptable fit. Future
observations may permit refinement of the aliphatic C–D emission
profile.
For the Drude profile, the extinction-corrected integrated

intensity

( )ò n
p g

l
= =nF I d

c B

2
7aliph.CD

corr CD aliph.CD aliph.CD

aliph.CD

for each region is given in Table 1.

Figure 4. Selected recombination lines for NE-Strip H II. Black curves: observed spectrum. Red curves: model = continuum (green) + line emission. The differential
extinction between 1.094 μm (Paγ) and 5.129 μm (Huδ) is consistent with the adopted K. D. Gordon et al. (2023) RV = 5.5 extinction curve and AV = 4.2 mag, with
differential reddening A1.09 − A5.13 = 0.408AV = 1.71 mag determined to ±0.10 mag.
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The aliphatic C–D stretch was previously detected in
M17-B-PDR (C. Boersma et al. 2023) and in the Orion Bar
atomic PDR and DF1 (E. Peeters et al. 2024). Table 2 compares
those results with our estimates for these features. We also
compare our upper limit for the 4.75 μm feature in the Orion Bar
with the feature intensity measured by E. Peeters et al. (2024).

5.4. Regional Variations in Deuteration

The strength of the 4.65 μm aliphatic C–D emission relative
to the 3.37–3.60 μm nonaromatic C–H emission varies
significantly among the four regions in M51; see Figure 9(a),
which plots F(4.65 μm)/F(3.4 μm) for the four regions in M51
and also for two positions in the Orion Bar and two positions in
the M17 PDR. What is responsible for the variations in F
(4.65 μm)/F(3.4 μm)?

Previous studies have shown that the aliphatic/aromatic ratio
shows regional variations in the Milky Way and other galaxies
(T. S. Y. Lai et al. 2020; X. J. Yang & A. Li 2023b). However, in
Figure 9(a), there is no apparent correlation of F(4.65μm)/F
(3.4 μm) with F(3.4 μm)/F(3.29μm). Evidently, the environ-
mental effects responsible for the variations in the aromatic/
nonaromatic ratio do not directly lead to variations in deuteration.

Another quantity that varies from region to region is He+/H+,
measuring the degree of helium ionization in associated H II
regions. Figure 9(b) plots F(4.65μm)/F(3.4 μm) versus He+/H+.
At least in this sample, F(4.65 μm)/F(3.4μm) shows a negative
correlation with He+/H+. Possible explanations for this trend are
discussed below in Section 5.6.

5.5. The D/H Ratio in the Nanoparticles

The integrated absorption cross section (“band strength”)
A ≡ ∫σνdλ

−1 per C–D or C–H bond is expected to be smaller

for C–D (relative to C–H) by about a factor of ACH/ACD ≈ 1.75
(C. W. Bauschlicher et al. 1997).38 The D/H ratio of the
aliphatic material in the emitting nanoparticles is related to the
observed emission by

( )= ´ = ´K
F

F

K

f

F

F

D

H
, 8

aliph.

aliph.CD
corr

aliph.CH
corr

aliph.CD
corr

nonarom.CH
clip,corr

⎛
⎝

⎞
⎠

where f ≈ 1 is the factor relating the aliphatic C–H emission to
Fnonarom.CH

clip,corr (Equation (6)) and
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Here dP/dT is the temperature distribution function for the
nanoparticles responsible for the λ < 5 μm emission.
Estimation of D/H requires knowledge of the temperature
distribution function dP/dT, requiring modeling of the
stochastic heating process (B. T. Draine & A. Li 2001), which
depends on the particle size. However, if we assume that the
emitting material can be characterized by a temperature in
500 K < T < 1500 K, then we find 0.5 < K < 1.9, i.e.,

( )» K 1.2 0.7, 10

with K = 1.2 corresponding to an emitting temperature
T = 900 K. In the discussion below, we take K = 1.2 and f = 1.
Results for (D/H)aliph. are given in Table 3 and on the right-

hand scale in Figure 9(b). The four positions in M51 show
(D/H)aliph varying by a factor ∼1.3, from 0.15 in NE-Strip H II
to 0.21 in SW-Strip,2 H II. The four positions in M51 have

/ ( )á ñ » D H 0.17 0.02. 11aliph

For the Orion Bar positions, we find 〈D/H〉aliph = 0.07 ± 0.01,
smaller than the values 0.23 and 0.16 found by E. Peeters et al.
(2024). For M17, we find 〈D/H〉aliph = 0.14 ± 0.02, smaller
than the value 0.31 ± 0.13 found by C. Boersma et al. (2023)
and intermediate between the Orion Bar and the four regions
in M51.
The aliphatic material in M51 is D-enriched by a factor of

∼104 relative to the overall abundance D/H ≈ 23 ppm. It must
be stressed that (D/H)aliph. is only determined for the
nanoparticles small enough (NC  103 C atoms) that single-
photon heating (with hν < 13.6 eV) can heat them to the high
temperatures (T  500 K) required to radiate effectively at
4.6 μm. The majority of the hydrocarbon material is in larger
particles, which may have a different D/H ratio but are
unconstrained by λ < 5 μm emission spectra.
The 4.65 μm feature is narrow, with a fractional width

γCD ≡ FWHM/λCD ≈ 0.006—similar to the fractional width
of the 3.40 μm aliphatic component of the nonaromatic C–H
emission extending from 3.36 to 3.60 μm (see Figure 5).

5.6. Possible Interpretation of the (D/H)aliph.–He
+/H+

Anticorrelation

Figure 9(b) shows that the highest degree of deuteration is
seen for the regions with the lowest values of He+/H+. The
PAH emission in star-forming regions originates primarily in
PDRs adjacent to H II regions. As the stellar population ages,

Figure 5. Comparison of the 3.1–3.65 μm emission in the different regions.
The 3.29 μm feature profile is nearly invariant. The 3.37–3.60 μm emission
shows regional variations in strength (relative to the 3.29 μm feature) and
spectral details (see text). Dashed curves: Drude profiles for the 3.29 and
3.40 μm components (see text). The green shaded area shows the power
included in Farom.CH

clip ; the red shaded area shows the power in the Drude profile
that is missed in Farom.CH

clip . We find / »F F 0.71arom.CH
clip

arom.CH .

38 T. Mori et al. (2022) find ACH/ACD = 2.6 for the aliphatic bonds. This
would raise the inferred D/H ratio by a factor of ∼1.5.
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the intensity of the hν < 13.6 eV radiation powering the PDRs
declines, and the far-UV (FUV) spectrum softens (L. J. Smith
et al. 2002).

One possible interpretation for the anticorrelation of aliphatic
deuteration and He+/H+ is that the hν < 13.6 eV radiation in the
PDRs is harsher—both more intense and with a harder spectrum
—in regions with younger stars, as measured by He+/H+. In the
quiescent ISM, single-photon heating events that lead to H loss
from small PAHs are relatively rare, and the small difference in
binding energy may lead to strong preferential retention of D,
leading to the observed high levels of deuteration. However, in a
high-intensity PDR with a hard FUV spectrum, the combination
of more frequent “multiphoton” heating events (where a
photoabsorption occurs before the PAH has fully cooled following
the previous photoabsorption) and harder FUV photons may lead
to rapid loss of both D and H and a drop in the degree of
deuteration as the more abundant H atoms from the gas replace
the losses. If the hydrocarbon nanoparticles are deuterated prior to
the arrival of the photodissociation front and then lose deuterium
in the PDR, perhaps they lose deuterium more rapidly in the
harsher PDRs near the youngest stellar clusters.

Because loss of deuterium begins as soon as the nanopar-
ticles are exposed to FUV the PDR, the particles responsible
for emission in the 4.65 μm C–D and 3.42 μm C–H features
have already undergone partial D loss—the D/H ratio in the
not-yet-exposed nanoparticles should be higher than the value
estimated from the observed emission.

5.7. Upper Limits on Aromatic C–D

The aromatic C–D stretch is expected to be located at
λarom.CD ≈ 4.40 μm (C. Boersma et al. 2023; V. J. Esposito
2024, private communication). As discussed in Section 5.2, the
3.29 μm aromatic C–H stretch can be approximated by a Drude
profile (Equation (3)) with γarom.CH = 0.013. The aromatic
C–D stretch resulting from substitution of D for H might be

expected to have similar dimensionless width γarom.CD ≈ 0.013
(FWHM ≈ 0.057 μm).
An emission feature near 4.40μm was tentatively detected in

ISO spectra of the Orion Bar (E. Peeters et al. 2004) and appeared
to be present in R≈ 100 AKARI spectra of a massive young stellar
object (T. Onaka et al. 2022), with FWHM≈ 0.045μm. However,
C. Boersma et al. (2023) found no evidence for an emission feature
near 4.40μm in JWST spectra of a number of PDRs, and JWST
spectra of the Orion Bar do not show a feature at 4.40μm, instead
showing a broad feature near 4.35 μm with FWHM ≈ 0.1μm,
which was suggested to be a combination of the nitrile C–N stretch
and the aromatic C–D stretch (L. J. Allamandola et al. 2021;
V. J. Esposito et al. 2024; E. Peeters et al. 2024).
Figure 10 shows 4.2–4.6 μm spectra for the four regions in

M51. There is no evidence of an emission feature centered near
the expected wavelength of 4.40 μm in any of the M51 spectra.
Each panel of Figure 10 includes a sample profile with
λarom.CD = 4.40 μm, γarom.CD = 0.013, and an amplitude
Barom.CD

up.lim. that would have made the feature discernible in the
observed spectrum (unless the underlying continuum conspired
to have a local minimum with similar central wavelength and
width). We take the amplitude of these illustrative features to
be an upper limit on the power,

( )p g
l

= ´F
c

B
2

, 12arom.CD
corr arom.CD

arom.CD
arom.CD

in the aromatic C–D stretch feature. Upper limits are given in
Table 1.
The absence of a 4.40 μm feature due to aromatic C–D leads

to an upper limit on D/H in the aromatic material,

[ ]

[ ]
( )

< ´
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K
F

F

K
F

F

F

F

D

H

, 13

arom.

arom.CD
corr

up.lim.

arom.CH
corr

arom.CH
clip

arom.CH

arom.CD
corr

up.lim.

arom.CH
clip,corr

⎛
⎝

⎞
⎠

Figure 6. The 3–4 μm spectra of SW-Strip H II in M51 (left) and the “atomic PDR” in the Orion Bar (right). Red curve: model spectrum including emission lines.
Areas shaded green and magenta show how the integrated intensities Farom.CH

clip and Fnonarom.CH
clip are evaluated (see text).
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where we may use the same K as defined in Equation (9). Taking
K≈ 1.2 and estimating »F F0.71arom.CH

clip
arom.CH (see Figure 5), the

upper limits on Farom.CD
corr in Table 1 yield upper limits

(D/H)arom. < 0.006 in SW-Strip,1 and (D/H)arom. < 0.007
in NE-Strip (see Table 3). D enrichment of the aliphatic material
exceeds that of the aromatic material by at least a factor of 20 in
these regions.

Similarly, Figure 11 shows 4.2–4.6μm spectra for the Orion
Bar and M17, with upper limits for the strength of any 4.40μm
feature. Limits on (D/H)arom in the Orion Bar and M17 are given
in Table 3.

5.8. Upper Limits on the Nitrile CN Stretching Mode

The Orion Bar spectra appear to have a broad emission feature
centered near ∼4.35μm, tentatively identified by E. Peeters et al.
(2024) as the CN stretch in nitrile (–C≡N) groups. However,
C. Boersma et al. (2023) studied seven Galactic regions, including
the M17 PDR, and noted that there was little evidence of a nitrile
emission feature near the expected wavelength of ∼4.35μm.
Similarly, our M51 spectra (see Figure 10) show no evidence of
an emission feature near 4.35 μm.
If we assume the FWHM of the 4.35μm nitrile CN stretch to

be similar to the 0.06 μm FWHM expected for the aromatic C–D

Figure 7. The 4.5–4.8 μm spectra of the four sight lines in Figure 2. Black curves: observed spectra. Dashed cyan curves: estimate for the dust-attenuated “continuum”

(not including the 4.65 μm feature) but without absorption by ice or CO. Solid blue curves: continuum after absorption by ice and v = 0 CO. Green curves: continuum
plus 4.65 μm emission feature (Equation (3)) with attenuation by dust, ice, and CO. Red curves: green curves plus emission lines of H, He, H2, v = 1 CO, and [K III]
(see text). Inset profile: upper limit on an emission feature at 4.75 μm (see text).
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stretch (see the sample profiles in Figures 10 and 11), the upper
bound on the power in the nitrile CN stretch is similar to the upper
bound estimated for the aromatic C–D stretch.

5.9. Upper Limits on a 4.75 μm Feature

K. D. Doney et al. (2016) reported a feature at 4.75 μm, with
FWHM = 0.047 μm in AKARI spectra of six Galactic H II
regions, which they attributed to the symmetric aliphatic CD
stretching mode. We do not see evidence of this feature in our
spectra of H II regions in M51. Figure 7 shows, for each
spectrum, a 4.75 μm feature that would have been detectable
and which we take as an upper limit on the feature strength. We
find / <mF F 0.0044.75 m

corr
arom.CH
corr for M51 NE-Strip H II and

<0.011 for all four regions in M51, below the values found

by K. D. Doney et al. (2016), which ranged from 0.011 for M8
to 0.12 for M17b.
The Orion Bar spectra are more complex (see Figure 8).

E. Peeters et al. (2024) reported detection of the feature in
Orion, but in our reanalysis of their data, we only claim upper
limits (see Table 2). We estimate F4.75 μm/Farom.CH < 0.003 for
the atomic PDR and <0.004 for DF1.

5.10. Model Limitations

At the D = 7.5Mpc distance of M51 (G. Csörnyei et al. 2023),
our 1.5 diameter extraction corresponds to 55 pc. With the
observed emission originating from a number of subregions within
the beam, characterized by different foreground material, the
assumption of a uniform screen of dust is unrealistic. However,

Figure 8. Same as Figure 7 but for two pointings in the Orion Bar (E. Peeters et al. 2024) and two positions in the M17 PDR (C. Boersma et al. 2023) (see text).
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differential extinction over the 4–5μm spectral range considered
here is small, so that inaccuracies in modeling the dust extinction
are not expected to be important for studying the 4.65μm emission
feature. The presence of the XCN ice absorption feature on some

sight lines (most prominently in the M51 E-Strip spectrum) does,
however, introduce uncertainty.
Uncertainties also arise from the treatment of CO absorption.

It is unrealistic to assume a single column density NCO,v = 0

between us and the emitting v = 1 CO, with the absorbing CO
having a Gaussian velocity distribution with b = 3 km s−1, but
with the v = 1 CO sufficiently shifted in velocity so that
emission is not absorbed by the v = 0 CO. Failure of the model
to accurately reproduce the weak CO emission or absorption
features is unsurprising.

5.11. Sequestration of Deuterium from the Gas Phase

S. D. Friedman et al. (2023) obtained accurate measurements
of (D/H)gas on 16 Galactic sight lines, with median
(D/H)gas ≈ 17 ppm, corresponding to Ddust/Htotal ≈ 6 ppm
sequestered in the dust. Two sight lines had (D/H)gas < 9 ppm,
implying Ddust/Htotal > 14 ppm.
In the diffuse ISM, the carbon in dust grains amounts to

Cdust/Htotal ≈ 126± 56 ppm (E. B. Jenkins 2009; B. S. Hensley &
B. T. Draine 2021). The degree of hydrogenation is uncertain but

Figure 9. (a) F(4.65)/F(3.4) vs. F(3.4)/F(3.29), where F(4.65) is the power in the 4.65 μm aliphatic C–D feature, F(3.4) is the “clipped” estimate of the nonaromatic
C–H stretch power, and F(3.29) is the “clipped” estimate of the aromatic C–H stretch power (see Figure 6). The right-hand scale shows the estimated (D/H)aliph. in the
emitting nanoparticles, assuming K/f = 1.2. Deuteration is 2–3 times higher in M51 than in the Orion Bar. (D/H)aliph. does not appear to be correlated with the
nonaromatic fraction. (b) Same as (a) but plotted against He+/H+. (D/H)aliph. appears to depend on the hardness of the radiation ionizing the H II region associated
with the PDR where the PAHs are located.

Table 2
Comparison with Previous Work

Feature Region This Worka Previous Work Reference
(10−6 erg cm−2 s−1 sr−1) (10−6 erg cm−2 s−1 sr−1)

Aliphatic CD Orion Bar, atomic PDR 410 ± 60 350 E. Peeters et al. (2024)
” Orion Bar, DF1 300 ± 45 220 E. Peeters et al. (2024)
” M17-B-PDR 280 ± 60 273 ± 52 C. Boersma et al. (2023)

4.75 μm feature Orion Bar, atomic PDR <140 50 E. Peeters et al. (2024)
” Orion Bar, DF1 <140 90 E. Peeters et al. (2024)

Note.
a Not corrected for reddening.

Table 3
Deuteration in Modeled Regions

Region (D/H)Aliphatic
a (D/H)Aromatic

b

M51: NE-Strip 0.15 ± 0.02 <0.007
M51: SW-Strip,1 0.20 ± 0.04 <0.006
M51: SW-Strip,2 0.21 ± 0.06 <0.016
M51: E-Strip 0.17 ± 0.04 <0.013
Orion Bar: atomic PDR 0.071 ± 0.011 <0.003
Orion Bar: DF1 0.074 ± 0.012 <0.005
M17-PDR 0.125 ± 0.028 <0.022
M17-B-PDR 0.16 ± 0.04 <0.018

Notes.
a Assuming K = 1.2 and / =F F 1aliph.CH nonarom.CH

clip (see text).
b Assuming K = 1.2 and / /=F F 1 0.71arom.CH arom.CH

clip (see text).
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must be appreciable, given observation of the 3.4μm aliphatic C–H
stretch in absorption on diffuse ISM sight lines.

Let faliph.C be the fraction of the C atoms that are in aliphatic
(–CH2–) form, and let

( )f º
+
D

H D
14aliph.

aliph.

⎛
⎝

⎞
⎠

be the deuterated fraction for the aliphatic material. For the
four regions observed in M51, we estimate (D/H)aliph. = 0.17 ±
0.02, i.e., faliph. ≈ 0.15 ± 0.02, for the nanoparticles contributing
to the emission at λ < 5 μm.

With two hydrogens per aliphatic C, the total D sequestered
in dust is

( )f= á ñ ´f
D

H
2

C

H
15dust

total
aliph.C aliph.

dust

total

/ ( )
f

=
á ñf

14 ppm
0.2 0.3

C H

120 ppm
, 16

aliph.C aliph. dust total
⎜ ⎟⎜ ⎟ ⎜ ⎟

⎛
⎝

⎞
⎠

⎛

⎝

⎞

⎠
⎛
⎝

⎞
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where 〈faliph.〉 is averaged over all of the aliphatic material,
including that in the larger grains. The aliphatic fraction

Figure 10. The 4.2–4.6 μm spectra of the four sight lines in Figure 2. Black curves: observed spectra. Cyan dashed curves: estimate of continuum without ice
absorption. Green curves: continuum with ice absorption applied. Red curves: continuum plus emission lines of H, He, and H2 (see text). The expected wavelengths
for nitrile CN (∼4.35 μm) and aromatic C–D (∼4.40 μm) are indicated. In the M51 spectra, there is no evidence of nitrile CN emission or aromatic C–D emission; the
inset profile shows our estimated upper limit on the strength of either feature.
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faliph.C is uncertain, but the strength of the 3.4 μm absorption
observed in the diffuse ISM (J. E. Chiar et al. 2013;
B. S. Hensley & B. T. Draine 2020) requires faliph.C ≈
0.3(2.5 × 10−18 cm/A3.4 μm), with band strengths A3.4 μm in
the range (0.5–5) × 10−18 cm estimated for various cations
and neutrals (see, e.g., X. J. Yang et al. 2017). For
faliph.C ≈ 0.2 and 〈faliph.〉 > 0.15, the aliphatic hydrocarbons
in the interstellar dust population can account for the typical
levels of “missing D” in the nearby ISM, while
〈faliph.〉 = 0.3 would account for the highest observed
levels of “missing D.”

5.12. Detectability of Aliphatic C–D in Absorption

The 4.65 μm feature may be detectable in absorption on
diffuse ISM sight lines with large AV. We estimate

( )ò òl t
f

f
l tD =

á ñ

- á ñ
D- -d

A

A
d

1
, 171

4.65

aliph.

aliph.

CD

CH

1

3.42
⎡
⎣

⎤
⎦

⎡
⎣

⎤
⎦

where ACD/ACH ≈ 1/1.75 (C. W. Bauschlicher et al.
1997). With AV ≈ 10.2 mag (A. V. Torres-Dodgen et al.
1991) and ò l tD =- -d 3.90 cm mag1

3.42
1⎡⎣ ⎤⎦ (B. S. Hensley &

Figure 11. Same as Figure 10 but for two positions in the Orion Bar (E. Peeters et al. 2024) and two positions in M17 (C. Boersma et al. 2023).
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B. T. Draine 2020) toward Cyg OB-12, we estimate
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If 〈faliph.〉 ≈ 0.3, JWST NIRSpec observations on heavily
reddened diffuse ISM sight lines may be able to detect the
4.65 μm aliphatic CD stretch in absorption.

6. Summary

Our principal conclusions are as follows.

1. The spectra of four massive star-forming regions in M51
include an emission feature near 4.65 μm attributed to
emission in the aliphatic C–D stretching mode in PAH-
related hydrocarbon nanoparticles.

2. The observed aliphatic C–D emission can be approxi-
mated by a Drude profile (Equation (3)) with
λaliph.CD ≈ 4.647 μm and FWHM ≈ 0.0265 μm.

3. In the four regions of M51 studied here, the power in the
aliphatic C–D emission feature ranges from 12% to 18%
of the power in the “clipped” estimate of the
3.37–3.60 μm nonaromatic C–H emission—2–3 times
the fraction found in the Orion Bar PDR. Evidently, the
aliphatic material in PAH-related hydrocarbon nanopar-
ticles in M51 is 2–3 times more deuterated than in
the Orion Bar. For reasonable assumptions concerning
the temperature of the emitting nanoparticles, the
aliphatic emitters in M51 have 〈D/H〉aliph. ≈ 0.17 ±
0.02—enrichment by a factor of ∼104 relative to the
overall D/H in the ISM.

4. Nondetection of deuterated aromatic emission near
4.40 μm leads to upper limits on deuteration of the
aromatic material. We find (D/H)arom. < 0.006 in M51
SW-Strip,1 and <0.003 in the Orion Bar atomic PDR. D
enrichment of the aliphatic material exceeds that of the
aromatic material by at least a factor of 20.

5. None of the four positions in M51 show evidence of
nitrile C–N emission at 4.35 μm. We estimate an upper
limit F4.35 μm/Farom.CH < 0.014 for all four positions
in M51.

6. None of the four positions in M51 show evidence of the
4.75 μm emission feature seen in AKARI spectra of
Galactic H II regions (K. D. Doney et al. 2016). We
estimate upper limits F4.75 μm/Farom.CH < 0.011 for all
four positions in M51.

7. The ISM in M51 has O/H close to solar (K. V. Croxall
et al. 2015). With similar degrees of “astration,” D/H in
M51 is presumed to be close to that in the solar
neighborhood. Differences in aliphatic deuteration among
regions in M51 and relative to M17 and the Orion Bar
must result from different environmental conditions
experienced by the hydrocarbon nanoparticles.

8. The aliphatic deuteration is found to anticorrelate with
He+/H+ in the associated H II (see Figure (9b)). Harder
and more intense FUV radiation from more massive stars
may act to more rapidly de-deuterate the nanoparticles in
PDRs near these stars.

9. The depletions of D observed in the diffuse ISM can be
accounted for if all of the aliphatic material in dust is as
deuterated as observed for the nanoparticles in M51.

10. The 4.65 μm aliphatic CD stretch may be detectable in
absorption on sight lines to Galactic stars with large AV.

The JWST data presented in this Letter were obtained from
MAST at the Space Telescope Science Institute. The JWST
observations analyzed can be accessed via doi:10.17909/k6kg-
nc75. These observations are associated with JWST program 3435.
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Appendix
CO Lines in Absorption

Let NCO(v, J) be the column density of CO(v, J). The line-
center optical depth in an absorption line is
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where b is the usual Doppler-broadening parameter. The
correction for stimulated emission is neglected because (1) the
population in the v = 1 levels is small, and (2) the velocity
distribution of the v = 1 CO is likely to differ from that of the
v = 0 CO. Because the cold CO is likely at a different velocity
than the hot v = 1 CO, we do not apply CO absorption to the
CO emission lines.

The dimensionless equivalent width in the absorption line is
taken to be (B. T. Draine 2011, Equation (9.27))
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The JWST spectra do not resolve the absorption line. Let
R ≡ λ/FWHMλ be the resolution of the spectrograph. For
N(CO)  1017 cm−2 and b ≈ 3 km s−1, we have τ0  30 and
W  4 × 10−5. If W = 1/R (as will be the case for JWST
resolution R  3000), the attenuation due to the line is
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where /( )s = R1 8 ln 2 and /( )s l=l R 8 ln 2 .
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