
Reviewers' comments: 

 

Reviewer #1 (Remarks to the Author): 

 

The manuscript byLemmens et al. is a well-written and well-reasoned article that describes the 

spectroscopic analysis using mass-selective IR and UV techniques when naphthalene is subjected to 

an electrical discharge. Theoretical calculations are used to aid the identification of various 

fragments and larger species; I found this portion of the analysis fairly convincing. Key findings 

include the prominence of intermediate species with C4H side chains and larger PAHs with 3 and 

even 4 membered rings. Although the present findings may provide insight into the pathways by 

which larger PAH molecules are synthesized, it would have been helpful if the authors had 

demonstrated the same basic findings for a second small PAH. Perhaps for obvious reasons, this 

experiment might be beyond the scope of the present work, but when and where appropriate, the 

authors should discuss the generality of their present results. Is there any reason to believe that 

other small PAHs might behave differently? 

 

It is also worth emphasizing that although the present experiments may indeed be highly relevant to 

the chemistry that occurs in astronomical environments, they are not performed under interstellar 

cloud conditions, and hence, the same reaction pathways may not be operative. In this context, the 

authors should carefully review passages in their manuscript where this connection is made, 

emphasizing if specific types of reactions might be viable in space, i.e. are the likely to have a barrier 

to reaction. 

 

Accept with minor revision. 

 

 

Reviewer #2 (Remarks to the Author): 

 

This paper presents an experimental study on the formation of PAHs in a naphthalene:Ar electrical 

discharge with the goal of elucidating the formation of PAHs in the interstellar medium. Fragments, 

products and reaction intermediates are structurally identified by mass selective IR and UV laser 

spectroscopy. The experiments provide evidence for the formation of larger PAHs containing up to 

four cyclic rings in the gas phase. In addition, the experiments provide evidence for resonance 

stabilized radical (RSR) intermediates and intermediates that contain di-acetylenic side groups, 

alongside di-acetylene molecules. A reaction mechanism is put forward in which di-acetylene plays a 



key role in the growth of large PAHs and this is presented as an alternative to the generally accepted 

HACA mechanism for PAH growth in sooting environments. 

 

 

 

The experimental method uses a molecular beam to cool down the reaction products and ion-dip 

spectroscopy to identify abundant species. This is a novel approach and the authors should be 

commended for this. However, I see three major issues with this paper as it is and cannot accept it 

for publication. 

 

 

 

1) No attempt is made to link the conditions in the experiment to those in the interstellar medium. 

There is a vague reference to the detection of di-acetylene in the source CRL 618 as an argument 

that di-acetylene is an important interstellar molecule. Actually, these observations pertain to the 

outflow from a star not to the interstellar medium. Di-acetylene is not expected to be an abundant 

interstellar molecule. Calculated abundances in molecular clouds are at the 1E-9 level. So, collision 

time scales are ~100 Myr. That makes it not very relevant. The other vague reference supporting 

astrophysical relevance is that plasma sources have been used to create radicals of astrophysical 

interest (c.f., p3). However, these studies were done as a convenient way to produce relevant 

species and study their spectroscopic signatures as the basis for a search in astronomical spectra. 

These studies did not pretend to mimic interstellar conditions. To be fair, other studies have been 

published in reputable journals – including Nature – where the focus is on the reaction mechanism 

that could be of interest to astrochemistry. However, the relevance of the experiments to ISM 

conditions has to be addressed. The core should be to identify relevant species in the experiments 

and make plausible that these species are relevant in space as well and the experimental conditions 

are relevant to space. Perhaps, the goal of this paper is to highlight the possible role of diacetylene 

in the growth of large PAHs in plasma’s and astronomy is taken as a convenient vehicle to promote 

the wider interest. I don’t see that as necessary. The reaction mechanism underlying PAh and soot 

formation itself has a wide impact. 

 

2) The authors seem to hint that the reactions take place in the expanding molecular beam. 

However, no actual evidence for this is presented. More likely, the reactions take place in the 

discharge zone where reactive radicals are abundant rather than in the cold, collision free molecular 

beam. The paper does not discuss the conditions in the reaction zone. There is an extensive 

literature on PAH discharges – including naphthalene ones and the statement “The growth 

mechanisms of larger PAHs have not yet been explored in such plasma environments” is not 

accurate. Let me point the authors to Alliati et al., J. Phys. Chem. A 2019, 123, 2107-2113 as an entry 



point to the literature. This study identifies the breakdown products of naphthalene in a plasma 

(C10H7+ and C10H6+ but also C4H2 and C2H2). They also point out the importance of acetylene in 

the growth of larger species. The presence of mass 152 and 176 in their mass spectra is take as 

evidence for the HACA mechanism with acetylene. The paper by Contreras and Salama Astrophys. J., 

Suppl. Ser. 2013, 208, 6 is of interest as well. The present paper adds to these studies by using ion-

dip spectrometry to structurally characterize the species involved rather than just relying on mass 

spectrometry. Similar studies have been done in sooting flames but then using laser induced 

fluorescence. I am not aware of an ion-dip study under such conditions and that is well worth 

highlighting. Nevertheless, the authors should quantify the conditions of their experiments and 

relate their results to other studies and other techniques. As the potential role of diaccetylene in the 

growth is a key point of this paper, this has to be more firmly established. That a stable species is 

abundant may just be because it is unreactive. In the proposed reaction mechanism (figure 4), it is 

indeed the C4H radical that drives the growth (although I could imagine that electron excitation in 

the plasma produces metastable excited diacetylene which would be more reactive). In the HACA 

mechanism, the PAH is “radicalized” through H abstraction followed by reaction with acetylene. If 

diacetylene is the key, still H abstraction would play a central role. All of this drives the study away 

from astrophysical relevant conditions and that may be where the impact of this paper should be: 

ion-dip spectroscopy as a tool to identify reaction products under plasma or flame conditions and 

the putative identification of a new reaction mechanism. 

 

3) Ion-dip spectroscopy is the new tool in this paper and these experiments are state of the art. The 

supporting quantum chemistry is not, though. The authors clearly point out the failure of double 

harmonic DFT calculations to help identify the absorbing species. This is in terms of clear offsets in 

peak position as well as a failure to reproduce key combination bands. It is not clear to me why the 

authors do not use Gaussian16 to calculate anharmonic spectra. Those should result in much better 

agreement with experimental spectra, require no scaling factor and can predict frequency as well as 

intensity of combination bands. The authors go through a song and a dance to argue this issue away 

based upon good agreement between experiments and reference spectra. This is an excellent point 

but why hide this away in figure S7 in the supplements ? Indeed, why compare to unreliable 

quantum chemistry calculations at all. It is very hard to evaluate the “goodness” of the fits and the 

derived mixing ratios from the results presented in fig 2 & 3 or S2, S3, S4, and S5. The authors should 

make the comparison with reference spectra the central point. I appreciate that this requires a 

concerted effort to measure relevant spectra but then the conclusions are robust. And their elegant 

probing technique is done full right. 

 



Reviewer #1 (Remarks to the Author): 
 
The manuscript byLemmens et al. is a well-written and well-reasoned article that describes the 
spectroscopic analysis using mass-selective IR and UV techniques when naphthalene is subjected to 
an electrical discharge. Theoretical calculations are used to aid the identification of various 
fragments and larger species; I found this portion of the analysis fairly convincing. Key findings 
include the prominence of intermediate species with C4H side chains and larger PAHs with 3 and 
even 4 membered rings. Although the present findings may provide insight into the pathways by 
which larger PAH molecules are synthesized, it would have been helpful if the authors had 
demonstrated the same basic findings for a second small PAH. Perhaps for obvious reasons, this 
experiment might be beyond the scope of the present work, but when and where appropriate, the 
authors should discuss the generality of their present results. Is there any reason to believe that other 
small PAHs might behave differently? 

We thank the reviewer for her/his positive summary and remarks. The generality of the work can 
indeed be demonstrated by applying the same technique to other PAHs such as phenanthrene or 
fluorene. We believe that presenting this data is beyond the scope of this article, since this works gives 
a complete picture of the strength of the method in a short communication. It is a first showcase of 
the IR ion dip technique applied to unambiguously assign the structures in addition to the mass 
spectrometry in molecular beam discharges of PAHs. Nevertheless, you provide a very interesting 
point and in fact we are currently conducting/have conducted such experiments in our laboratory 
indeed showing the wide applicability of the method.  

 
It is also worth emphasizing that although the present experiments may indeed be highly relevant to 
the chemistry that occurs in astronomical environments, they are not performed under interstellar 
cloud conditions, and hence, the same reaction pathways may not be operative. In this context, the 
authors should carefully review passages in their manuscript where this connection is made, 
emphasizing if specific types of reactions might be viable in space, i.e. are the likely to have a barrier 
to reaction. 

We agree with your point on the direct connection between laboratory conditions and astronomical 
environments. We are aware that the discharge does not operate under interstellar cloud conditions 
(densities are much higher in our experiment). We have addressed this issue throughout the paper 
(highlighted in yellow). Note also that the electron energy in circumstellar regions is of the same order 
of magnitude as the determined electron energy in our plasma 1–3. 

 
 
Accept with minor revision. 
 
 
Reviewer #2 (Remarks to the Author): 
 

We thank the reviewer for her/his comments with respect to our manuscript. We have divided 
her/his comments in smaller sections in order to provide a point-by-point answer. In general we 
agree with the suggestions and questions, and some of the remarks were already presented, but 
maybe hidden in the manuscript. We have rephrased some parts for clarity.  



 
This paper presents an experimental study on the formation of PAHs in a naphthalene:Ar electrical 
discharge with the goal of elucidating the formation of PAHs in the interstellar medium. Fragments, 
products and reaction intermediates are structurally identified by mass selective IR and UV laser 
spectroscopy. The experiments provide evidence for the formation of larger PAHs containing up to four 
cyclic rings in the gas phase. In addition, the experiments provide evidence for resonance stabilized 
radical (RSR) intermediates and intermediates that contain di-acetylenic side groups, alongside di-
acetylene molecules. A reaction mechanism is put forward in which di-acetylene plays a key role in the 
growth of large PAHs and this is presented as an alternative to the generally accepted HACA 
mechanism for PAH growth in sooting environments. 

 
The experimental method uses a molecular beam to cool down the reaction products and ion-dip 
spectroscopy to identify abundant species. This is a novel approach and the authors should be 
commended for this. However, I see three major issues with this paper as it is and cannot accept it for 
publication. 
 
We would like to thank the reviewer for the acknowledgement of our novel approach to identify and 
assign reaction products by mass selective IR spectroscopy in molecular beam discharges. In the 
following we address the issues and improve and clarify the paper where necessary.  

 

1) No attempt is made to link the conditions in the experiment to those in the interstellar medium. 
There is a vague reference to the detection of di-acetylene in the source CRL 618 as an argument that 
di-acetylene is an important interstellar molecule. Actually, these observations pertain to the outflow 
from a star not to the interstellar medium. Di-acetylene is not expected to be an abundant interstellar 
molecule. Calculated abundances in molecular clouds are at the 1E-9 level. So, collision time scales are 
~100 Myr. That makes it not very relevant. The other vague reference supporting astrophysical 
relevance is that plasma sources have been used to create radicals of astrophysical interest (c.f., p3). 
However, these studies were done as a convenient way to produce relevant species and study their 
spectroscopic signatures as the basis for a search in astronomical spectra. These studies did not 
pretend to mimic interstellar conditions. To be fair, other studies have been 
published in reputable journals – including Nature – where the focus is on the reaction mechanism that 
could be of interest to astrochemistry. However, the relevance of the experiments to ISM conditions 
has to be addressed. The core should be to identify relevant species in the experiments and make 
plausible that these species are relevant in space as well and the experimental conditions are relevant 
to space. Perhaps, the goal of this paper is to highlight the possible role of diacetylene in the growth 
of large PAHs in plasma’s and astronomy is taken as a convenient vehicle to promote the wider interest. 
I don’t see that as necessary. The reaction mechanism underlying PAh and soot formation itself has a 
wide impact. 

We do agree with your point that the aim of this article is to identify relevant species in the 
experiments using mass selective IR spectroscopy as novel tool and to make plausible that these 
species are also relevant in astrochemistry. We are aware that the discharge does not operate under 
interstellar cloud conditions (densities are much higher in our experiment). We have addressed this 
issue throughout the paper and referred to literature that discusses the role of low-energy free 
electrons in astrochemistry (highlighted in yellow). The astronomical relevance of the experimental 
conditions can be found in the electron density, i.e. the electron energy in circumstellar regions is of 



the same order of magnitude as the determined electron energy in our plasma 1–3. We have addressed 
your concerns by adding the following to the text: 

“In stellar outflows or the ISM, energetic particles and photons that ionize atoms and molecules create 
free low-energy electrons2,3. In these ionized gas regions, the low-energy electrons can induce gas 
phase chemistry. Much is still unclear on the growth mechanisms of PAHs in such plasma 
environments, mainly because one has had to rely solely on mass spectrometry4–7. We create relevant 
conditions by an electrical discharge. The energy of the electrons in our experiment is estimated 
between 3.15 and 3.45 eV of which two would be needed to break a C=C bond. The molecular density 
is higher in our experiment than in the relevant astrophysical objects in order to produce the necessary 
amount of reaction products.” 

Besides this point, we would like to point out that the study is of astrochemical relevance as a result 
of the specific molecule that is investigated. Gas phase reaction mechanisms under before unknown 
conditions will aid in elucidating the full formation pathways of PAHs.  

 
2) The authors seem to hint that the reactions take place in the expanding molecular beam. However, 
no actual evidence for this is presented. More likely, the reactions take place in the discharge zone 
where reactive radicals are abundant rather than in the cold, collision free molecular beam.  

We fully agree with you remark. This was also what we tried to report. For clarity we have rephrased 
the following. We replaced the sentence: 

“an isolating spacer of 6 mm is used to confine the plasma directly after discharge in order to 
increase the number of collisions before expansion thereby allowing for longer reaction time.” 

By 

“an isolating spacer of 6 mm is used to confine the plasma directly after discharge in order to 
increase the number of collisions before the expansion to create a longer reaction time. The 
subsequent  expansion “freezes” the reaction after which the reaction mixture is probed.” 

See also chapter 3 of the supplementary information.  

The paper does not discuss the conditions in the reaction zone.  

In our manuscript, we aimed to describe the most relevant reaction conditions, which we have 
extended and clarified. We do give an estimate of what we consider the most important parameter in 
our experiment, the electron energy. To address your concerns more we have also added an estimate 
of the (partial) pressure in our discharge zone.  

We replaced: 

“Using the Paschen curve (for γ between 0.1 and 0.2) and the relation between electron energy and 
pressure from Engel, the electron energy is estimated to be 3.15-3.45 eV” 

By 

“Using the Paschen curve (for γ between 0.1 and 0.28 which corresponds to a pressure between 0.37 
and 0.51 mbar) and the relation between electron energy and pressure from Engel9, the electron 
energy is estimated to be 3.15-3.45 eV.” 

We have also added: 



“The molecular densities is higher in our experiment than in most relevant astrophysical objects in 
order to produce the necessary amount of reaction products.” 

At last, from the partial pressure an estimate number density of naphthalene is derived as 
highlighted in yellow in the paper.  

 

There is an extensive literature on PAH discharges – including naphthalene ones and the statement 
“The growth mechanisms of larger PAHs have not yet been explored in such plasma environments” is 
not accurate. Let me point the authors to Alliati et al., J. Phys. Chem. A 2019, 123, 2107-2113 as an 
entry point to the literature. This study identifies the breakdown products of naphthalene in a plasma 
(C10H7+ and C10H6+ but also C4H2 and C2H2). They also point out the importance of acetylene in 
the growth of larger species. The presence of mass 152 and 176 in their mass spectra is take as 
evidence for the HACA mechanism with 
acetylene.  

The paper by Contreras and Salama Astrophys. J., Suppl. Ser. 2013, 208, 6 is of interest as well. The 
present paper adds to these studies by using ion-dip spectrometry to structurally characterize the 
species involved rather than just relying on mass spectrometry. Similar studies have been done in 
sooting flames but then using laser induced fluorescence. I am not aware of an ion-dip study under 
such conditions and that is well worth highlighting. 

We thank the reviewer for pointing out this interesting literature. We were not aware of this very 
recent study on the plasma chemistry of naphthalene. Of course we have included a reference. 
Nevertheless, we still think that our work is of interest since our technique does not only provide a 
mass but the addition of mass selective IR spectroscopy uniquely allows us to assign the observed 
masses to multiple (“exotic”) molecular structures unambigiously. The paper by Contreras and 
Salama Astrophys. J., Suppl. Ser. 2013, 208, 6 is indeed of interest since it brings forward a similar 
astrochemically relevant discharge source, but also lacks the unambiguous assignment of reaction 
products.  

 

 Nevertheless, the authors should quantify the conditions of their experiments and relate their results 
to other studies and other techniques.  

Please refer back to our reply on your remark: “The paper does not discuss the conditions in the 
reaction zone.” Where we address your remark on the quantification of the conditions in our 
experiment. The relation of our technique to other discharge nozzles is difficult since most studies 
do not supply the pressure in the discharge region. We initiate the possibility of relating these 
studies by determining a pressure, number density and electron energy. The latter is carefully 
determined by measuring the breakdown voltage and plasma current (not the set-values of a power 
supply).  

As the potential role of diaccetylene in the growth is a key point of this paper, this has to be more 
firmly established. That a stable species is abundant may just be because it is unreactive. In the 
proposed reaction mechanism (figure 4), it is indeed the C4H radical that drives the growth (although 
I could imagine that electron excitation in the plasma produces metastable excited 
diacetylene which would be more reactive). In the HACA mechanism, the PAH is “radicalized” through 
H abstraction followed by reaction with acetylene. If diacetylene is the key, still H abstraction would 
play a central role. All of this drives the study away from astrophysical relevant conditions and that 



may be where the impact of this paper should be: ion-dip spectroscopy as a tool to identify reaction 
products under plasma or flame conditions and the putative identification of a new reaction 
mechanism. 

As the reviewer highlights, the aim of this paper is indeed: IR ion-dip spectroscopy as a tool to 
unambiguously identify reaction products under plasma conditions. Following the suggestions by the 
reviewer, we have stressed this more in the abstract of the article.  

Moreover, with the identified products we are able to suggest a reaction mechanism involving 
diacetylene radical as key ingredient. If the HACA mechanism would play a central role this would be 
associated with an increase of the m/z 127 of the radicalized naphthalene. In our m/z vs. current scans 
we do not observe a significant increase in this mass channel. These results suggest the importance of 
other mechanisms present, as was previously suggested as well by McCarthy and Leone10,11 or now in 
our paper, where hydrogen abstraction is not the starting point but rather the “final” step in the 
reaction.  

 
 
3) Ion-dip spectroscopy is the new tool in this paper and these experiments are state of the art. The 
supporting quantum chemistry is not, though. The authors clearly point out the failure of double 
harmonic DFT calculations to help identify the absorbing species. This is in terms of clear offsets in 
peak position as well as a failure to reproduce key combination bands. It is not clear to me why the 
authors do not use Gaussian16 to calculate anharmonic spectra. Those should result in much better 
agreement with experimental spectra, require no scaling factor and can predict frequency as well as 
intensity of combination bands.  

Thank you for your suggestion. We are aware of the possibilities of Gaussian16 to perform anharmonic 
frequency calculations as we for example also did in our previous work on PAHs 12. We have 
investigated the potential diagnostic value of the anharmonic calculations. As you can see in the figure 
below, we did perform calculations using the “anharmonic” option in gaussian (example of 2-ethynyl 
naphthalene). However, although having used several basis sets, we cannot get reasonable results for 
most molecules, i.e. a general reliable “anharmonic” method is not yet found.  

The fundamental frequencies and intensities are drastically different and therefore not only the 
diagnostic value of those but also of the overtones or combination bands is lost. The “anharmonicity” 
of these molecules is an interesting problem, but beyond the scope of our work here. We think that 
the harmonic calculations suffice for identification, with the knowledge that the 1210 cm-1 peak 
originates from a ≡CH group for which we use the reference spectra as substantiation.  



 

The authors go through a song and a dance to argue this issue away based upon good agreement 
between experiments and reference spectra. This is an excellent point but why hide this away in 
figure S7 in the supplements ? Indeed, why compare to unreliable quantum chemistry calculations at 
all. It is very hard to evaluate the “goodness” of the fits and the 
derived mixing ratios from the results presented in fig 2 & 3 or S2, S3, S4, and S5. The authors should 
make the comparison with reference spectra the central point. I appreciate that this requires a 
concerted effort to measure relevant spectra but then the conclusions are robust. And their elegant 
probing technique is done full right. 

Assignment based on reference spectra does not have our preference based on the following 
arguments: 

1. Quantum chemical calculations are sufficiently reliable to make assignments as quantified in 
our current and previous work12. It is still the most direct way to obtain structural information 
from IR spectra.  

2. Assignment of molecular structures to IR spectra is based on a trial and error method where 
sometimes more than 20 trial structures are calculated and compared. These calculated IR 
spectra are highly discriminating, and a match with the experiment is often very clear. For 
many of the molecules that we have identified, no reference compounds are readily available 
and more importantly even unstable.  

We therefore deliberately chose to uniformly assign structures using calculations. However, we have 
validated this method with reference spectra or in the cases where our approach demands extra 
experiments (for example the 1210 cm-1 band), reference spectra are obtain and presented in the 
supplementary information.  
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Reviewers' comments: 

 

Reviewer #1 (Remarks to the Author): 

 

The revised manuscript appears to meaningfully address the feedback of the two reviewers, and in 

doing so improves the clarity of the paper. 

 

Accept as is. 

 

 

Reviewer #2 (Remarks to the Author): 

 

 

A key point of this study is that reaction products are identified through an IR-UV ion-dip method. 

That is exciting, opening up new avenues to study the reactions involved in PAH growth at a deeper 

level. That this method can truly do so has to be well established in the narrative. I am therefore 

deeply puzzled by the statement that the quantum chemical calculation suffice for identification 

purposes in the analysis of the IR spectra when clearly major bands are not reproduced in figure 2 

and in addition frequency shifts are very apparent. To spell it out: The calculated pattern of some 

bands resembles the measured spectra but the main band to be included in the analysis is the 1200 

cm-1 band and that one is not. The authors do discuss this and refer to the SI. But the decomposition 

in panels b,c,d,e in figure 2 are not convincing. Let me just reiterate, the spectra have to be 

compared to standards and indeed the comparison in Figure S7 is the most convincing part in this 

analysis. The spectroscopy community is aware that shifts and missing bands occur more often in 

such comparisons. However, the authors should consider that their paper will be read by an 

interested but lay public – astronomers – that will not be able to judge this properly and may 

summarily dismiss their study. 

 

In the 2nd paragraph on p3, the authors try to place their experimental conditions into an 

astrophysical context. That discussion is misguided though. While cosmic rays or UV photons create 

electrons with energies of a few eV, these electrons quickly lose their energy through interaction 

with other electrons and the most abundant atoms and molecules (H, H2).This interaction heats the 

gas but does not play much of a role in the chemistry. The astronomical audience will be well aware 

of this and might disregard the paper because of it. I do think this paper is relevant for 

astrochemistry; not as an analogue study but rather as one that identifies new growth routes for 

PAHs. Perhaps, it is time to retreat here and to accept – and spell out – that the conditions in the 



plasma do not resemble those in space. Rather, the paper could highlight that radical-neutral 

reactions involving diacetylenic derivatives can be important for the growth of PAHs. The last 

sentence of the abstract catches this well. 



 

We would like to thank both reviewers for their positive feedback on our revised manuscript discussing 
the use of mass-selective IR-UV spectroscopy for the characterization of PAH formation after 
discharge. We especially would like to acknowledge the efforts of reviewer 2 to help us to make our 
manuscript understandable for a broad community as well. We discuss his/her concerns and remarks 
in detail below, and we have highlighted significant changes in yellow in our manuscript. 

 

Comments from reviewer 2: 

A key point of this study is that reaction products are identified through an IR-UV ion-dip method. 
That is exciting, opening up new avenues to study the reactions involved in PAH growth at a deeper 
level. That this method can truly do so has to be well established in the narrative. I am therefore 
deeply puzzled by the statement that the quantum chemical calculation suffice for identification 
purposes in the analysis of the IR spectra when clearly major bands are not reproduced in figure 2 
and in addition frequency shifts are very apparent. To spell it out: The calculated pattern of some 
bands resembles the measured spectra but the main band to be included in the analysis is the 1200 
cm-1 band and that one is not. The authors do discuss this and refer to the SI. But the decomposition 
in panels b,c,d,e in figure 2 are not convincing. Let me just reiterate, the spectra have to be compared 
to standards and indeed the comparison in Figure S7 is the most convincing part in this 
analysis. The spectroscopy community is aware that shifts and missing bands occur more often in 
such comparisons. However, the authors should consider that their paper will be read by an 
interested but lay public – astronomers – that will not be able to judge this properly and may 
summarily dismiss their study. 
 

Indeed this manuscript presents a novel, orthogonal fashion of characterizing PAH formation and 
growth which goes beyond mass analysis alone, since measuring only the mass would give you the 
chemical composition but not the chemical structure. By combining mass-to-charge detection with IR 
and UV spectroscopy, we are able to obtain structural information. For retrieving information on the 
chemical structure, we either rely on reference spectra (if available or possible to measure) and 
quantum chemical calculations (which widely applicable for all species; transient, short-lived, neutral, 
charged or radical). This latter, more general approach -the assignment method using DFT 
calculations- is a well-established method for structure elucidation in several disciplines ranging from 
identification of peptides1–5, metabolites6, reaction intermediates7,8, clusters9,10 and also PAHs11,12. 
This approach works well for unbranched PAHs as can be seen in Figure 3 of the manuscript and in 
literature13,14. However, when possible we have added reference spectra, as for example can be seen 
for pyrene which is measured under jet-cooled conditions in Fig. 3c to exemplify this in the manuscript. 

When PAHs are formed with an ethynyl side-group, the experimental spectra show an additional band 
at 1210 cm-1. We agree with the reviewer that the analysis of this 1210 cm-1 band deserves more 
attention and we have now included anharmonic computations. We have clarified this by an additional 
section on page 7. First of all, we have used this 1210 cm-1 peak to identify that the formed species is 
an ethynyl-substituted PAH. This peak appeared for all ethynyl-substituted PAHs, as we observe in our 
work here, but also in previous studies, a key conclusion is that this peak acts as a diagnostic tool for 
the ≡CH functional group. We have confirmed this by obtaining reference spectra as well as references 
in literature and textbook15–19.  



Regarding these anharmonic calculations, as we aimed to elucidate in our previous response, in 
anharmonic calculations the fundamental bands are shifted by a large and undesired extend. 
Following the advice from the scientists of the quantum chemical program package, we have 
performed new calculations, where we have removed the derivatives for these miscalculated modes 
in the anharmonic analysis and included these calculations for the assigned structures in the article. 
In these anharmonic analysis the 1210 cm-1 band is indeed present.  

We agree that confirming our assignment based on the agreement between our experiments and 
theory would be ideal. Unfortunately recording reference spectra of all compounds is not possible as 
some are instable species and some synthesis routes are not reasonably achievable. For that reason, 
we combine here the DFT calculated IR spectra and mass-selected IR spectra to assign structures, and 
have confirmed our assignment by reference spectra where possible. These two reference spectra are 
now included in figure 2 in the main article. In addition, besides for 1- and 2-ethynylnaphthalene 
reference spectra are added for molecules including 1-vinylnaphthalane, 2-vinylnaphthalene, pyrene, 
acenaphthylene, 1,4-diethynylbenzene that all show excellent agreement with theory (see 
supplementary information).  

In addition to above changes, a more detailed illustration and description of the assignment is given 
in the supplementary information.  

 
In the 2nd paragraph on p3, the authors try to place their experimental conditions into an 
astrophysical context. That discussion is misguided though. While cosmic rays or UV photons create 
electrons with energies of a few eV, these electrons quickly lose their energy through interaction with 
other electrons and the most abundant atoms and molecules (H, H2).This interaction heats the gas 
but does not play much of a role in the chemistry. The astronomical audience will be well aware of 
this and might disregard the paper because of it. I do think this paper is relevant for astrochemistry; 
not as an analogue study but rather as one that identifies new  growth routes for PAHs. Perhaps, it is 
time to retreat here and to accept – and spell out – that the conditions in the plasma do not resemble 
those in space. Rather, the paper could highlight that radical-neutral reactions involving diacetylenic 
derivatives can be important for the growth of PAHs. The last sentence of the abstract catches this 
well.   

We agree with the reviewer on this point. To focus on the strengths of our approach, we have 
rewritten the 2nd paragraph on p3 to:  
“In stellar outflows or the ISM energetic particles and photons ionize atoms and molecules, thereby 
inducing gas-phase synthesis of larger molecules20,21. In our experiment, we perform 
ionization/radicalization and subsequently induce gas-phase reactions by means of an electrical 
discharge. Although conditions are not analogues, reaction routes that occur in this discharge are of 
interest for astrochemistry as newly identified growth pathways for PAHs. Much is still unclear on the 
growth mechanisms of PAHs in these plasma environments, mainly because one has had to rely solely 
on mass spectrometry22–25. Here, we identify reaction products and intermediates through mass 
selective IR-UV ion dip spectroscopy and study the reactions of PAH growth at a deeper level.” 
We have also rephrased several other instances of “suitable controlled conditions” to “controlled 
conditions”.  
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REVIEWERS' COMMENTS: 

 

Reviewer #2 (Remarks to the Author): 

 

I am satisfied with the revisions. 


