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Complex Organic Molecules in Orion KL

1987ApJ...315..621B

Blake et al. 1987 
(see also Sutton et al. 1985, Irvine et al. 1987)

Pagani et al. (2017)



Hot-Core gas phase chemistry

(Millar et al. 1991, Charnley et al. 1992, 1995, see also Caselli et al. 1993)

Astrochemical models developed in the 90s to explain the chemical differences 
between the Orion Hot Core and the Compact Ridge observed in the 80s: 

- pseudo time-dependent (physical conditions of Hot-Cores are fixed) 

- evaporation of ice mantles with free chemical composition 

- Hot-Core ion-neutral gas phase chemistry for COMs
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Hot-Core gas phase chemistry

Compact Ridge  
(nH = 2x106 cm-3; T = 100 K)

Hot Core  
(nH = 2x107 cm-3; T = 200 K)

Astrochemical models developed in the 90s to explain the chemical differences 
observed between the Orion Hot Core and the Compact Ridge in the 80s:

(Millar et al. 1991, Charnley et al. 1992, 1995, see also Caselli et al. 1993)



Hot-Core gas phase chemistry seems inefficient
Subsequent experiments and calculations carried out in the early 2000s limited 
the efficiency of this Hot-Core gas phase chemical network: 

- Reaction between CH3OH2+ and H2CO inefficient in the ISM (Horn et al. 2004) 

- Electronic recombination is mostly dissociative (≈ 80 - 90 %) 
(Geppert et al. 2006, Vigren et al. 2010, Hamberg et al. 2010)
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UV-induced formation of COMs in ices

1) Ice formation 
(T = 10 - 20 K)

2) Ice processing 
(T = 20 - 80 K)
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1) Ice formation (T = 10 - 20 K)
Example for methanol:

CH3OHiceH2COiceCOice

2) Ice reprocessing (T = 20 - 80 K)
- Photodissociation of main ice species
- Diffusion of solid radicals produced by UV 
photolysis

Example for methyl formate:

A new paradigm based on the recombination of radicals produced UV photolysis 
was then suggested as also supported by lab. experiments  
(Gerakines et al. 1996, Garrod et al. 2006, 2008, Oberg et al. 2009)

3) Ice evaporation 
(T > 100 K)
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Methods for grain surface modelling

       On-Lattice Monte Carlo  
       (a.k.a CTRW, kMC) 

(Chang et al. 2005, 2014; Cuppen et al. 2007, 2009)

Off-Lattice Monte Carlo 
                                       (Garrod 2013)

Microchemical Accuracy

Chemical Complexity

Modified Rate equations 
       (Caselli et al. 1998, Garrod 2008)

                               Rate equations 
(Pickes & Williams 1977, Hasegawa et al. 1992, 1993)

         Master equation 
(Biham et al. 2001, Green et al. 2001)

     Macroscopic Monte-Carlo models 
(Tielens & Hagen 1982, Charnley 2001, Vasyunin et al. 2009)



Processes included in astrochemical models

Accretion: 
- S.v.σ.ngas

Desorption: 
- thermal desorption 
- grain heating by CRs 
- chemical desorption

Diffusion: 
- thermal hopping 
- quantum tunnelling ?

Reaction: 
- Langmuir-Hinshelwood 
- Eley-Rideal

Photolysis: 
- photodissociation 
- photodesorption

Input parameters:
- grain size 
- sticking coefficient

- diffusion energy Ed/Eb  
- site size

- surface reactions 
- transmission probas

- UV absorption by ice 
- photo. probas/BRs

Processes:

- binding energy Eb 

- chemical desorption 
probability
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Diffusion of light particles into the bulk

Watanabe et al. (2004)

Laboratory experiments studying the impact of ice thickness on formation of 
stable species show that: 
- saturation value of consumption quickly drops with ice thickness →  chemical 

processes mostly occur in the few outermost layers 
- ice penetration depends on ice morphology, temperature, composition

(O2 use-up = 5.5 ML). Then, we cooled it to 15 K and
hydrogenated it for 109 min (total O2 use-up = 6.5 ML).

Fig. 8 shows that the results from these three experiments
differ. The final yield of the newly formed species and the final
O2 use-up are not the same in the first two experiments. The O2

use-up is B4 ML for an O2 ice hydrogenated at 15 K and
then at 25 K, while it is B13 ML for an O2 ice directly
hydrogenated at 25 K. In the competition scenario, the H
atoms have to penetrate 2 ML of O2 molecules already
converted into H2O and H2O2, if we hydrogenate an O2 ice
at 25 K, which was previously hydrogenated at 15 K. In this
case the final hydrogen penetration depth into the ice is just
4 ML and not 13 ML, because the penetration depth of the H
atoms into solid H2O and H2O2 is lower than into pure O2 ice.
This result leads us to hypothesize that the hydrogenation
follows a distribution that starts mainly from the bottom
layers of the ice to the top. If instead the replenishing of the
top layers due to a higher O2 molecules mobility in the ice for
higher temperatures would play an important role in the O2

hydrogenation, we would expect to get the same final yield for
both experiments. This is not the case.

In the third experiment we interrupted the hydrogenation
process when 5.5 ML of the ice were converted into H2O and
H2O2 at 25 K. If the hydrogenation would start straight from
the bottom layers to the top, the top layers of the ice would
have not yet been hydrogenated and we would expect to
hydrogenate up to an extra 2.5 ML of ice at 15 K in the
second part of the experiment, whereas we observed the
hydrogenation of only 1 ML of ice. The final O2 use-up is
probably not reached because the H atoms are blocked by
some of the H2O and H2O2 molecules, which are earlier
formed in the upper layer of the ice according to the competition
scenario, which involves mainly the bottom layers and
partially the top layers of the O2 ice in the early stage of the
hydrogenation.

Thus, all experiments presented so far are in accordance
with the following scenario: first, the H atoms penetrate into
the ice without desorbing. The penetration depth is determined
by a temperature dependent competition between reaction
with O2 molecules and further diffusion into the ice. In this
way, the ice is hydrogenated following a distribution that
involves mainly the bottom layers and partially the top layers
at the beginning. Subsequently, the penetration depth of
atoms that enter the ice in a later stage is determined by the
competition mechanism until they reach species other than O2.

3.4 Thickness dependence

Different thicknesses are studied in the range between 1 and
35 ML. The O2 ice is deposited at 15 K with a rate ofB0.3 ML
min!1 to better control the ice thickness during deposition and
then heated to 25 K. The ice layer is subsequently exposed to
H atoms, in most of the cases, for 150 min with a total H-atom
fluence of 2.2 " 1017 atoms cm!2. Fig. 9 plots the column
density of H2O2 and H2O versus the fluence of impinging H
atoms on the solid O2 layer for different thicknesses.

Again, the initial formation rate of H2O and H2O2 is
constant and thickness independent, while the final yield is
thickness dependent and is affected by the penetration depth of

the H atoms into the ice. The O2 ice is indeed completely
converted into H2O and H2O2 for layers thinner than the
maximal penetration depth of the H atoms into the ice at 25 K
(low oxygen coverage). For layers thicker than the maximal
penetration depth of the H atoms into the ice, some O2 is not
hydrogenated (high oxygen coverage). Fig. 10 shows the final
yield for H2O and H2O2 formation as well as the O2 use-up as
a function of the initial O2 thickness. The O2 use-up is
estimated by adding half of the newly formed H2O column
density to the H2O2 column density (N[O2] =

1
2 " N[H2O] +

N[H2O2]), according to reactions (7) and (2), where, from each
O2 molecule, two H2O molecules can be formed. Fig. 10 shows
that the maximal penetration depth at 25 K is reached in the
high oxygen coverage regime (415 ML) and is B16 ML. The
O2 use-up (N[O2]) is fitted with the following function:

N[O2] = ((aW)!2 + (b)!2)!
1
2 (9)

where a and b are fitting parameters and W is the initial O2

thickness. Eqn (9) is a combination of two linear functions
describing the O2 use-up in the two extreme regimes. For low
coverage, the yield is expected to be equal to the coverage
N[O2] = aW, with a = 1. At high coverage, the yield will be
equal to the maximum penetration depth, b. The fit to the data
gives a = 1, as we expected, and b = 16 ML. The transition
between the two linear regimes is not sharp. This can be
explained by considering that the penetration length of the
H atoms is not one absolute value, but covers a distribution
with an average value of 16 ML at 25 K. In the case of a

Fig. 9 Thickness dependence on the H2O2 (top) and H2O (bottom)

column densities as a function of the H-atom fluence and time of

H-atom exposure at 25 K.
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3-phase or multiphase models distinguish chemically active ice layers and more 
inert ice bulks   
(Hasegawa & Herbst 1993, Garrod & Pauly 2011, Taquet et al. 2012, Garrod 2013, Vasyunin & 
Herbst 2013, Taquet et al. 2014, Furuya et al. 2017)

Gas phase chemistry

Ice surface

Accretion

Thermal  
hopping Reaction

Evaporation

Photo-evaporation 
Photo-dissociation

Multiphase models

Diffusion and reaction

Heterogeneous Ice bulk considered as chemically active for T > 20 K



Constraining the models with experiments: desorption

TPD experiments of ice mixtures show different kinds of evaporation features:  

- surface, volcano, and co- desorptions, depending on the species properties 

- multiphase models are able to reproduce the desorption rates with 4 active MLs

The Astrophysical Journal, 762:86 (21pp), 2013 January 10 Vasyunin & Herbst

Figure 1. MONACO simulation of desorption rate vs. temperature for a TPD experiment with 30 ML tertiary ice of composition H2O:CO2:CO 20:1:1. Left panel:
one monolayer is chemically active. Right panel: four monolayers are chemically active. The CO peaks are shown in solid black, the CO2 peaks in dashed red, and the
water peak in dotted blue.
(A color version of this figure is available in the online journal.)

Figure 2. CO2:H2O ratio as a measure of entrapment efficiency in a MONACO simulation of a model by Fayolle et al. (2011) with 100 ML of a binary ice mixture of
composition CO2:H2O 1:5. Left panel: one monolayer is chemically active. Right panel: four monolayers are chemically active.

efficiency of volatile CO2 is significantly higher than in the
extended three-phase model of Fayolle et al. (2011). This fact
can also be seen when comparing the upper left panel of Figure 1
with Figure 4(a) in Fayolle et al. (2011), where the relative
heights of the surface desorption peaks and co-desorption peaks
are smaller in the simulation than in the real TPD experiment.
Specifically, the entrapment efficiency in the simulation of the
30 ML tertiary ice CO:CO2:H2O is 96.3% versus 84% in the
experiment and 98.8% versus 95% for the 100 ML binary
CO2:H2O ice. We conclude that in the absence of bulk diffusion
only a very small fraction of volatile species is available for
desorption from the ice when the temperature is below the water
evaporation threshold.

To overcome this problem and make our modeling results
closer to the laboratory data, we changed our initial assump-
tion that only the outermost monolayer of the ice mantle is
chemically active. It was found that by making the four upper
monolayers of ice mantle chemically active, we can make our

modeling results much closer to the results from Fayolle et al.
(2011) for the astrophysically important case of the 100 ML bi-
nary CO2:H2O ice. This assumption also helps to reproduce the
TPD experiment with the 30 ML tertiary ice. The results of our
simulations with the tuned-up MONACO code are presented in
the right panels of Figures 1 and 2, and may be compared with
Figure 4(a) and Figure 8 in Fayolle et al. (2011). Our revised
values for the entrapment efficiency are 85% for the tertiary ice
and 95.2% for the binary ice, which lie very close to experimen-
tal and model values. It is important to note that our revision
of the code cannot fully compensate for the absence of bulk
diffusion. In general, one can expect that the revised code will
overestimate the efficiency for the entrapment of volatile species
in the case of ices with a low fraction of refractory water (see,
e.g., Table 1 in Fayolle et al. 2011). However, for the purpose
of this study, in which the evaporation of thick ice with water
as the major component is investigated, the adopted revision is
reasonable.

4
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Fig. 8. The amount of CO2 ice during ice warm-up at 1 K per 100 years
according to the three-phase model, assuming two different initial
H2O:CO2 5:1 ice mixture thicknesses (left panel) and two different
20 ML ice mixing ratios (right pannel).

Fig. 9. Amount of CO2 ice during ice warm-up for a H2O:CO2 5:1 ice 20
ML thick simulated by different models: the implemented three-phase
model described here (black solid line), the original three-phase model
by Hasegawa & Herbst (1993) (green dashed line), the Viti et al. (2004)
model (blue dash-dotted line). A heating rate of 1 K per century is used
in the two first models and desorption around a 5 solar masses protostar
is presented from the Viti et al. (2004) model case.

The percentage of CO2 entrapment in a diluted water ice
is significantly affected by the initial ice thickness and mixing
ratio; 50% of the initial CO2 abundance is trapped in a 10 ML
ice and 95% in a 100 ML ice. A similarly dramatic difference
is seen when assuming different initial ice mixtures: 64% of the
CO2 stays trapped in the 5:1 ice and the fraction increases to
84% for the 20:1 ice.

The treatment of these trapping dependencies is one of the
key strengths of the extended three-phase desorption model pre-
sented here. Figure 9 compares CO2 ice desorption from a
H2O:CO2 ice using the extended three-phase model, the origi-
nal three-phase model by Hasegawa & Herbst (1993), and the
Viti et al. (2004) astrochemical network. Assuming a 20 ML
thick H2O:CO2 5:1 ice heated at 1 K per century, our model
predicts that 64% of the initial CO2 will be trapped by the water
ice, while the model by Hasegawa & Herbst (1993) predicts an

80% trapping amount. This difference originates from the lack of
mantle-surface diffusion in Hasegawa & Herbst (1993). Its im-
plementation is clearly important to correctly treat trapping of
volatiles and to account for segregation observed around proto-
stars (Ehrenfreund et al. 1998; Pontoppidan et al. 2008).

All the CO2 molecules are predicted to be trapped by the
water ice when simulating H2O:CO2 ice desorption with the
Viti et al. (2004) model. The Viti et al. (2004) model assumes
a different heating rate compared to the one used for the two
three-phase models, but this only affects the desorption tempera-
tures and does not affect the volatiles trapping fractions. Instead,
the high trapping fraction is due to the fact that the model was
parametrized based on a desorption experiment performed for
a H2O:CO2 ice with a ratio of 20:1, which differs from the
5:1–4:1 ratio found in dense molecular clouds and protostellar
envelopes (Knez et al. 2005; Pontoppidan et al. 2008). In the
case of a H2O:CO2 20:1 ices, our model outputs agree well with
100% trapping fraction used by Viti et al. (2004), since we find
that more than 95% of the CO2 is trapped by the water ice for
10–100 ML thick ices.

These different model predictions demonstrate the need for
systematic laboratory studies when modelling ice desorption,
since ice properties, such as ice thickness and mixing ratio, af-
fect the desorption process. Even when using desorption step
functions, the size of the step cannot be accurately decided from
a single experiment. Rather the investment of multiple experi-
ments are needed, together with their efficient parameterization,
to obtain versatile models of ice desorption for arbitrary initial
conditions. Already for binary ice mixtures, this results in large
experimental data sets. It is therefore reassuring that using binary
mixtures as templates for more complex ice mixtures results in
approximately the correct trapping predictions.

7. Conclusions

Desorption from H2O-rich ice mixtures is complex in that the
amount of trapped ice depends not only on the species involved,
but also on the mixture ratio and the ice thickness; there is no
constant fraction of volatile species trapped in a H2O ice. This
complex behavior can be reproduced by extending the three-
phase model introduced by Hasegawa & Herbst (1993).

Using the H2O:CO2 ice system as a case study, we showed
that a three-phase model that includes mantle-surface diffusion
can reproduce the amount of trapped ice quantitatively in a range
of binary ice mixtures. The appropriate input parameters for the
H2O:CO2 system are a swapping energy ϵswap

H2O−CO2
= 2250 K and

a molecular parameter cCO2 = 20.5 ML, which describes from
which ice depth diffusion to the surface can occur.

In the model, the different CO2 and CO behavior can only
be reproduced if ϵswap

H2O−CO < ϵ
swap
H2O−CO2

and cCO > cCO2 . This sug-
gests that diffusion/molecule swapping in H2O-rich ices depends
equally on the breaking of the H2O-volatile bond (parametrized
here by the swapping barrier height) and on the mass/volume
of the diffusing volatile (parameterized here by the ice thick-
ness that the molecule can diffuse through). The experimental
trends found for H2O:CO and H2O:CO2:CO ice mixture des-
orption are consistent with the H2O:CO2 trends, which suggests
that the three-phase model is generally appropriate to model ice
mixture desorption.

However the ice desorption process is implemented in
astrochemical models, this study demonstrates that it is vital to
understand how ice mixture desorption depends on the ice char-
acteristics. The extended three-phase model naturally treats ice

A74, page 10 of 11

Experiments Model
Fayolle et al. (2011) Vasyunin et al. (2013)



Constraining the models with experiments: chemistry

Time evolution of abundances induced by irradiation of ice analogs can be 
reproduced by chemical models 
→ validation of the formalism and constraints on surface/chemical parameters ? 

Example for CO hydrogenation (Watanabe et al. 2004 and Fuchs et al. 2009): 
Ed/Eb = 0.3 ± 0.05; Ea(CO+H) = 1300 ± 300 K; Ea(H2CO+H) = 1300 ± 300 K

CO

H2CO

CH3OH

T = 8 K T = 10 K T = 12 K

T = 12 K T = 13.5 K T = 15 K

W
atanabe et al. (2004)

Fuchs et al. (2009)

F = 5x1014 cm-2 s-1

F = 5x1013 cm-2 s-1



UV-induced ice chemistry
UV photolysis of methanol ice predominantly produces molecules that show 
lower abundances in dark clouds and around protostars 

Oberg et al. (2009)

 70 K 
✴20 K 
20 MLs ice

HCOOH

CH3COOH
HCOOCH3 and HCOCH2OH
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Ice structure predicted by multiphase models
Macroscopic multiphase models also predict the chemical heterogeneity of ices 
induced by the gas phase abundance and physical evolutions in dark clouds

T decreases, nH increases T decreases, nH increases

Refractory grain

G
as phase

Abundance

Ice thickness
(~ 100 - 300 MLs)

H2O
CO

CO2 H2O2

H2COCH4

NH3

CH3OH

see Charnley & Rodgers (2009), Garrod & Pauly (2011), Vasyunin  & Herbst (2013), Furuya et al. (2016)
Taquet et al. (2014)



nH = 105 cm-3; T = 10 K

Chang &
 H

erbst (2016)
Formation of COMs in cold ices
Two main scenarios for the formation of Gaseous COMs detected in dense cores: 

1) Gas phase formation: See JC’s talk 

2) Grain surface formation: chain-reaction followed by  
chemical desorption (Chuang et al. 2015, Chang & Herbst 2016)

Cuppen et al. (2009)

CH3OH 
H2CO 

CO 
Radicals

T = 12 K

T = 13.5 K

T = 15 K

nH = 2x105 cm-3

Methanol formation with CTRW model



Multiphase models predict double abundance jump profiles around protostars, 
due to the complex evaporation features in mixed ices 

→  in good agreement with H2CO observations by Ceccarelli et al. (2001) who 
needed two abundance jumps at 50 K and 100 K to reproduce their data

Taquet et al. (2014)

see also Aikawa et al. (2008, 2012), Furuya et al. (2012), Hincelin et al. (2013), 
Vasyunin et al. (2013), Drozdovskaya et al. (2016) and many others

The Astrophysical Journal, 791:1 (20pp), 2014 August 10 Taquet, Charnley, & Sipilä

Figure 9. Gas-phase abundance profiles of the main ice components obtained for the collapsing core A-F at the beginning (left) and at the end (right) of the Class 0
phase.
(A color version of this figure is available in the online journal.)

3.4. Ice Evaporation in Class 0 Envelopes

Once the free-fall timescale of the core is reached, the pro-
tostar formation starts influencing the chemical abundance pro-
files through the warm-up of the protostellar envelope. Figure 9
presents the gas-phase abundance profiles in the protostellar
envelope of the collapsing core A-F for the main ice compo-
nents obtained at the beginning and at the end of the Class 0
phase. As shown in Section 3.1, the strong increase of the
accretion rate induces a quick increase of the temperature in
the protostellar envelope. The multilayer approach used to fol-
low the evolution of interstellar ices induces complex abundance
profiles with double abundance jumps for solid species that are
more volatile than water (see also Vasyunin & Herbst 2013;
Garrod 2013).

For species such as CO, CO2, CH4, or H2CO, the abundance
profiles can be distinguished into three regimes.

1. The cold external envelope, where T < Tev,i (where Tev,i

is the temperature of sublimation of species i), in which
the abundance profile in the gas phase of each species i is
governed by the balance between its formation from gas-
phase reactions and photoevaporation and its destruction
through the freeze-out on grains and its photodissociation.
The decrease of the abundances toward the protostar is due
to the increase of the density, as the accretion rate becomes
more efficient, and to the increase of the visual extinction,
decreasing the photodesorption rates.

2. The cold intermediate envelope, where Tev,i < T <
Tev,H2O, in which a part of their icy content evaporates
thermally when the temperature reaches their temperature
of sublimation through the diffusion of volatile particles
toward the surface. However, most of their volatile content
stays trapped in the ices.

3. The warm inner envelope, where T > Tev,H2O, in which all
the icy material is evaporated with water in the gas phase
when T = Tev,H2O ∼ 100–110 K via the so-called “volcano
desorption” (Collings et al. 2004).

The abundance profiles of species showing similar or
higher binding energies than water do not display the second
regime. Since the temperature in the protostellar envelope
increases with the age of the protostar while the density
decreases, the gas-phase abundances tend to increase with

time, inducing a disappearance of the double desorption
peaks for some species and an increase of the size of the
hot corino region.

As can be seen in Figure 10, the deuteration of all species but
ammonia is higher in the external envelope than in the hot corino.
The D/H ratio predicted in the hot corino reflects the overall
deuteration of ices, whereas the deuteration of the external
envelope is due to the sublimation of the highly deuterated
ice surface through non-thermal processes and is eventually
supported by a gas-phase chemistry. At the beginning of the
Class 0 phase, the D/H ratio of simply deuterated species is
about 10 times higher in the cold envelope, at r = 3000 AU,
than in the hot corino, at r = 10 AU. This is in good agreement
with the difference of deuteration between icy and gaseous
molecules predicted in dense cores. A peak of the deuteration
is observed between 20 and 100 AU, corresponding to the zone
where interstellar ices start to sublimate at T ∼ 100 K during the
fast collapse. Since deuterated species are mostly located at the
surface, they mostly evaporate before their main isotopologue,
which are located in the inner part of the ice, increasing the D/H
abundance ratio in the gas phase in the evaporation zone.

During the evolution of the Class 0 phase, the deuteration of
simply and doubly deuterated species in the hot corino decrease
by one and more than two orders of magnitude, respectively, due
to the gradual collapse of each shell of the envelope (see Table 7
for deuteration values of various species). At the beginning of the
Class 0 phase, the gas seen in the hot corino (1 < r < 30 AU)
comes from the shells located at r ∼ 5000 AU, whereas the
warm gas modeled at the end of the Class 0 phase originates
from shells located at r ∼ 1.5 × 104 AU where the deuteration
is lower. Although the deuteration of water in the hot corino
decreases with the age of the protostar, its deuteration remains
roughly constant in the external envelope. This is due to gas-
phase reactions and, in particular, to the recombination reactions
between highly deuterated OH radicals and their deuterated
isotopologues in the gas phase at 50 < T < 100 K that form
highly deuterated water.

3.5. Consequences on Complex Organics Deuteration

We modeled the formation and the deuteration of complex
organics at the surface of interstellar grains through radical
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Abundance profiles of “icy” species around protostars
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Figure 1. Density (top left), temperature (top right), and infall velocity (bottom left) profiles of model A-F plotted for different times and overplotted with observational
data of prestellar (red crosses) and protostellar (green plus) cores (see the text for more details). Evolution of the accretion rate as a function of time (bottom right).
The red cross represents the end of the Class 0 stage defined as the time when the mass of the protostar reaches half of the total (protostar+envelope) mass.
(A color version of this figure is available in the online journal.)

stages detected in various clouds, Evans et al. (2009) and Maury
et al. (2011) estimated the lifetime of Class 0 protostars tCO of
1–1.6 × 105 yr and 0.4–1 × 105 yr, respectively.

Figure 1 compares the physical profiles obtained with our
model with observations of dark cores and low-mass protostars.
Red crosses represent the temperatures and velocities obtained
toward L1498 by Lee et al. (2001), Ward-Thompson et al.
(2002), and Tafalla et al. (2004) from observations of CS, N2H+,
and C18O transitions; from continuum observations obtained
with ISO; and from the modeling of the emission of NH3 line
transitions assuming a thermal coupling between dust and gas,
respectively. As can be seen in Figure 1, the temperature and
velocity profiles obtained with our model are in fair agreement
with the observations at the edge of the core.

Green plus symbols in Figure 1 stand for the density,
temperature, and velocity values derived by Kristensen et al.
(2012) and Mottram et al. (2013) for a sample of low-mass
protostars observed by the Herschel Space Observatory. For
each model, only the observed protostars whose envelope
masses are lower than the mass of the modeled core are shown.
The density profiles obtained with our model are in good
agreement with the observational values at 1000 AU, while
they are slightly higher than the values observationally derived
at the inner regions (<50 AU) of the protostellar envelopes.
The discrepancy probably results from the break of the one-

dimensional symmetry in the inner 100 AU and the eventual
formation of protoplanetary disks during the Class 0 phase (see
Pineda et al. 2012, for instance). The temperatures of the warm
inner region reached at the end of the Class 0 phase lie in the
range of the observed values while the predicted temperatures at
the external part of the envelope seem to be slightly higher than
the observations, probably induced by the coupling between the
dust and gas temperatures assumed in our model. The velocity
profiles in the external protostellar envelopes obtained with our
model assuming a free-fall collapse lie in the range of the values
derived observationally. However, the one-dimensional free-fall
collapse assumed in our model is not necessarily correct in the
inner few hundreds of AU and would tend to overestimate the
infall velocity occurring in the hot corino.

3.2. Chemical Differentiation of Ices in Dark Clouds

3.2.1. Reference Model

The physical model used in this work allows us to follow
the multilayer formation of interstellar ices from the sparse
translucent phase of molecular clouds to the dense and cold
phase seen at the center of dark cores. Figures 2–5 present the
evolution of the physical and chemical properties of a shell
located at the center of the model A-F as a function of the

7



UV-induced chemistry triggers an efficient formation of complex organics 
during the warm-up phase in protostellar envelopes 

Hard to deduce a general trend about efficiency of complex organics formation in 
ice mantle and surface 

Formation of COMs during warm-up around protostars

The Astrophysical Journal, 765:60 (29pp), 2013 March 1 Garrod

Figure 1. Time-dependent fractional abundances of a selection of chemical species, produced by the fast warm-up timescale model. Solid lines indicate gas-phase
species; dotted lines of the same color indicate ice-mantle (surface + bulk) abundances of the same species.
(A color version of this figure is available in the online journal.)
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Underprediction of abundances
D

ata com
piled in Taquet et al. (2015)

Garrod (2013)

Abundance ratios of HCOOCH3, CH3OCH3, or CH3CN are still underpredicted by 
grain surface models



Impact of proton-transfer reactions
Proton-transfer reactions involving NH3 increase gas-phase abundances of 
COMs by one-to-two orders of magnitude

Taquet, Wirstrom, & Charnley (2016)

CH3OHice

CH3OHgas CH3OH2+

(CH3)2OH+ (CH3)2O

HCOOCH3HC(OH)OCH3+

Evaporation

CH3OH

HCOOH

e-

e-

Dimethyl ether

Methyl formate

NH3

NH3

NH3

- Highly exothermic proton transfer reaction between protonated 
COMs and NH3 due to higher proton affinity of NH3 
 XH+ + NH3           X + NH4

+   
(k ≈ 2x10-9 cm3.s-1 for all studied reactions; see Hemsworth et al. 1974)

HCO+, H3O+



Impact of proton-transfer reactions
Proton-transfer reactions involving NH3 increase gas-phase abundances of 
COMs by one-to-two orders of magnitude

Taquet, Wirstrom, & Charnley (2016)

nH = 107 cm-3, T = 150 K, ζ = 3x10-17 s-1

Without proton-transfer reactions With proton-transfer reactions



Formation pathways

Species Observed abundances / 
CH3OH Ices Gas phase

CH3OH 100 CO hydrogenation /
CH3CHO High-mass: ~ 1 %

Low-mass: ~ 0.5 %
CH3 + HCO
HCCO + 2H

C2H5 + O
CH4 + H2CO+ (+PT)

HCOOCH3 High-mass: ~ 14 %
Low-mass: ~ 4 % HCO + CH3O CH3OH2+ + HCOOH (+PT)

CH3OCH2 + O
CH3OCH3 High-mass: 30 %

Low-mass: ~ 4 % CH3 + CH3O CH3OH2+ + CH3OH (+PT)
CH3 + CH3O

C2H5OH High-mass: ~ 6 %  
Low-mass: ~ 1 %

CH3 + CH2OH
CH3CHO + 2H /

HCOCH2OH High-mass: 3 %
Low-mass: ~ 0.4 % HCO + CH2OH /

(CH2OH)2 Low-mass: ~ 1 % CH2OH + CH2OH /

CH3CN High-mass: ~ 5 %
Low-mass: ~ 1 %

CH3 + CN
C2N hydrogenation CH3+ + HCN (+PT)

C2H5CN High-mass: ~ 4 %
Low-mass: ~ 0.1 %

CH3 + CH2CN
HC3N hydrogenation /

NH2CHO Low-mass: ~ 0.1 % NH2 + HCO
OCN hydrogenation NH2 + H2CO



Outline
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2. Grain surface chemical models 

3.  Recent results 

4. Limits and Perspectives



Ion formation in ices
Can Acid-base chemistry explain the observational features attributed to HCOO-, 
OCN-, NH4+ in infrared absorption spectra ?

AA53CH14-Boogert ARI 29 July 2015 12:24

Table 2 Ice abundances

XH2O
a [%] XH

b [10−6]

Species MYSOs LYSOs BG Starsc Comets MYSOs LYSOs BG Starsc

Securely identified species:d

H2Oe 100 100 100 100 3150
16 3855

25 (42) 4048
31 (39)

12–57 14–80 (>9)–62

COe 715
4 (7) 2135

12 (18) 2543
20 nd 2.68.8

0.6 (1.9) 9.617
4.8 (8.1) 1220

9

3–26 (<3)–85 9–67 0.4–30 (<0.4)–12.8 (<1.2)–26 3–21

CO2
e 1925

12 2837
23 2639

18 1524
10 3.712

2.5 11.820
6.0 13.218

8.2

11–27 12–50 14–43 4–30 1.8–15.6 2.4–25 5.2–26

CH3OH 923
5 (5) 612

5 (5) 810
6 (6) nd 3.711

1.9 (1.7) 3.37.9
2.7 (2.3) 5.26.4

3.2 (2.4)
(<3)–31 (<1)–25 (<1)–12 0.2–7 (<0.4)–16.6 (<0.2)–15 (<0.6)–6.6

NH3 nd 68
4 (4) nd nd nd 3.65.4

2.4 (2.6) nd
∼7f 3–10 <7 0.2–1.4 ∼4f (<0.4)–6.4 <4

CH4 nd 4.56
3 (3) nd nd nd 2.33.7

1.5 (1.4) nd
1–3 1–11 <3 0.4–1.6 0.4–1.8 (<0.2)–5.6 <1.2

Likely identified species:g

H2CO ∼2–7 ∼6 nd 0.11–1.0 ∼2 ∼3 nd

OCN− 0.60.7
0.3 0.60.8

0.4 (0.4) nd nd 0.40.5
0.2 0.40.4

0.2 (0.06) nd
0.1–1.9 (<0.1)–1.1 <0.5 nd 0.2–0.6 (<0.04)–0.4 <0.16

OCS 0.03–0.16 ≤1.6 <0.22 0.1–0.4 (<0.02)–0.06 ≤3.2 <0.12
Possibly identified species:h

HCOOHi 45
3 (3) nd nd nd 2.12.5

0.9 (0.9) 2.42.8
1.5 (0.9) nd

(<0.5)–6 (<0.5)–4 <2 0.06–0.14 (<0.08)–2.6 (<0.4)–7.8 <4

CH3CH2OHi ∼ XH2O
(HCOOH)

nd nd nd ∼XH
(HCOOH)

nd nd

HCOO−j 0.50.7
0.5 (0.5) nd nd nd 0.180.28

0.12 (0.14) nd nd
0.3–1.0 ∼0.4 <0.1 nd (<0.10)–0.42 ∼0.2 <0.8

CH3CHOj XH2O
(HCOO−) × 11

nd nd nd XH
(HCOO−) × 11

nd nd

NH+
4 1113

9 1115
7 811

6 nd 4.15.4
1.8 4.65.8

3.2 3.84.9
2.9

9–34 4–25 4–13 nd 1.4–6.0 0.8–12 1.9–9.6

SO2 (<0.9)–1.4 ∼0.2 nd 0.2 ≤0.4 ∼0.08 nd

PAHk ∼8 nd nd nd ∼1 nd nd

aAbundances relative to the H2O ice column density. For each molecule, the first row gives the median and lower and upper quartile values of the
detections, and in brackets the median including upper limits. The second row gives the full range of abundances. If only one row is given, it shows the
full range. See Table 1 and Section 6 for references.
bAs in the X H2O column, but for abundances relative to NH.
cQuiescent clouds and cores.
dIdentified on the basis of multiple modes or isotopologues in high-quality spectra.
eThe isotopologues 13CO and 13CO2 were also securely identified, and HDO was possibly identified (Section 6.4).
f Values derived from the simultaneous analysis of multiple features (Dartois et al. 2002).
gIdentification based on a single absorption feature, and the profile matches laboratory spectra.
hIdentification based on a single absorption feature, and no convincing match to laboratory spectra is available.
iHCOOH and/or CH3CH2OH may be carriers of the 7.24-µm ice band (Schutte et al. 1999, Öberg et al. 2011).
jHCOO− and/or CH3CHO may be carriers of the 7.41-µm ice band (Schutte et al. 1999).
kUsing column density of C-C bonds derived by Hardegree-Ullman et al. (2014) and assuming each PAH species contains 50 carbon atoms.
Abbreviations: BG, background star; LYSO, low-mass young stellar object; MYSO, massive young stellar object; nd, no data; PAH, polycyclic aromatic
hydrocarbon.
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Bulk chemistry between abundant species
Increase of temperature can trigger the reactivity in the bulk: reactions 
between abundant and stable species through reactions with activation barriers 

Nucleophilic additions 
     ex: NH3 + H2CO ⇄ NH2CH2OH (Bossa et al. 2009)  
Acid-base reactions 
     ex: H2O + HNCO ⇄ H3O+OCN- (Theulé et al. 2011) 

H/D exchange reactions 
     ex: CD3OD + H2O ⇄ CD3OH + HDO (Ratajczak et al. 2009, Faure et al. 2015)

- Rates derived for isothermal experiments 
with ice mixtures of “pure” reactions 

- Evolution of rate with temperature then 
fitted with Arrhenius law to derive pre-factor  
ν and activation barrier Eact 

  
→  ν can be much lower than ν computed by 
models 
→ Reactions are not always limited by diffusion

Theulé et al. (2013)

HNCO + NH3 ⇄ NH4+OCN-



Bulk chemistry between abundant species
Rate-equations models are based on second-order rate constants and are 
diffusion-limited: 

But reactions with abundant species do not only depend on diffusion and can 
be interpreted as first-order kinetics 

Ex: NH3 + H2CO ⇄ NH2CH2OH (Bossa et al. 2009, Theulé et al. 2013) 

Measured rate constant: K = ν exp(-Ereac/T)  
with Ereac = 4.5 kJ/mol  and ν = 0.05 s-1 

Kreac scaled by probability that two reactants  
occupy two neighbouring sites  
(~ abundance of most abundant reactant)


