Point-to-point answers to the comments of Referee #1

The authors would like to thank the referee for his/her time reading the manuscript and placing the
comments and suggestions. We believe that considering the points suggested by the Referee has
improved the manuscript significantly.

RC: 1)

The manuscript submitted by Abdelmonem et al. examines the effects of freeze-melt processes on
the aqueous chemistry at silica surfaces at low pH. The experiments were performed in an
environmental cell in conjunction with second-harmonic generation spectroscopy. Abdelmonem et
al. found a water ordering-cooling dependence that improved continuously and they proposed that
water ordering is a result of the dissolution of the silica surface and that this process causes the
improved ice nucleation of aged silica samples. The manuscript is interesting but focused mostly on
SHG measurements. Therefore it seems more relevant for a more physical chemical journal and in
the current form the conclusions of the SHG measurements and their relevance and connection for
atmospheric research are not evident.

ACI:

The authors generally agree with the opinion of the Reviewer, but would like to clarify important
points:

SHG has only been used here as a technique to examine the water structure at the surface. The
authors didn’t add novelty in SHG theory or discuss its details. ACP has published many articles on ice
nucleation and interactions in atmosphere using ESM, AFM, IR-spectroscopy ...etc. All these articles
were considered atmosphere relevant based on the aim of the study irrespective of the technique.
Indeed, the application of SHG and SFG in atmospheric science is something new and beneficial for
atmospheric science and the respective journals to consider new techniques.

This work has been triggered by the wide scatter of experimental results on ice nucleation abilities of
atmospheric aerosol particles, as has been well demonstrated by (Hoose and Mohler, 2012) in their
ACP review of results from six decades of laboratory experiments of heterogeneous ice nucleation.
Hoose and Mohler concluded with the recommendation of performing experiments (spectroscopic,
microscopic and chemical characterization methods) with pure and homogeneous materials to
improve the understanding of the basic physical and chemical principles of heterogeneous ice
nucleation. This manuscript discusses the influence of surface aging on heterogeneous freezing, a
crucial process in cloud formation. Therefore the authors believe that the Journal of “Atmospheric
Chemistry and Physics” is the most relevant.

RC: 2)

SHG probes the average of the ensemble of all water molecules underneath the heterogeneous silica
sample. Yet, ice nucleation on a-quartz surfaces was shown to occur at only a few locations which
were associated with micron-size surface pits. (Holden et al. 2019 Science Advances). The authors
should include this important point into the manuscript so that the readers can better put the SHG
results in perspective. The authors should also think about possible topographical changes on the
silica due to pH 3 treatment as this might also be able to explain the improved ice nucleation. The
authors might also want to consider providing evidence whether their silica substrates become
better ice nucleators with time.

AC2:

The authors would like to point that the sample is not heterogeneous but rather a homogeneous
polished fused silica sample. This manuscript doesn’t touch on active sites, rather the role of surface
interactions in enhancing or resisting the ice formation. Our sample is fused silica which is not



identical to a-quartz. Nevertheless, the authors have cited the work suggested by the Reviewer as it
demonstrates the difficulty of predicting and controlling crystal formation.

The authors couldn’t detect any topographical changes on the silica due to pH 3 treatment. AFM
measurements yielded no results that would support such change. Figure (AC1.1) shows a comparison
between (1) cleaned sample and (b) sample after experiment. The authors did not rely on these
results as a proof that the topography has not been changed because the AFM measurements were
done off-line and hitting the exact spot where SHG was measuring was not guaranteed.
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Figure (AC1.1): AFM measurements on the surface of the silica sample after cleaning (a) and after
freezing-melting experiments (b).

We see the increase in the in freezing temperature under identical conditions as a function of aging,
Figure (5) in the manuscript. High statistics freezing assay could provide second evidence that silica
substrates become better ice nucleators, but it was not available during this study.




Introduction:
RC: 3)

p.3. |. 5- The discussion about the pH solubility of silica is not presented in great clarity and it is not
directly clear why pH 3 is relevant for atmospheric conditions. When reading the introduction it
seems that higher alkaline pH would be much more relevant.

AC3:

In the introduction, the high pH was only an example on the effect of droplet size change on the pH
value of the cloud droplet. This is also valid for low pH. Slightly acidic or alkaline will be extreme acidic
or alkaline with droplet evaporation, respectively. As mentioned in the manuscript, silica dissolution in
aquatic solution is always possible however is extreme at high and very low pH as well. The choice of
pH3 in the spectroscopic measurements has different reasons. As mentioned in the p.5. 1.2-3, “We
chose pH = 3 because it is close to the point of zero charge of the used sample and by that we
eliminate the contribution from ). Also at this pH the dissolution rate is minimum as mentioned in
the introduction.”

RC: 4)

p.3 I. 42 “molecular level” this statement should be altered. In the presented experiments a large
ensemble of water molecules are probed the term molecular-level might be misleading.

AC4:

The “molecular level” term is associated with SHG and SFG since their first results provided by Shen
(Shen, 1989), as the signal allows in-situ mapping of the molecular arrangement at the surface. We
only re-use the term, it is not our definition. The SHG/SFG signal depends on the “molecular
hyperpolarizability tensor elements” which could allow the determination of absolute orientation of
the molecules at the surface (Goh et al., 1988). We add here a selection of SHG/SFG articles which
directly used the term “molecular level”:

(Silva and Miranda, 2016; Gonella et al., 2016; Jerome et al., 2002; Lambrakos et al., 1998; Xiao et al.,
1997; Tohda, 1996; Ashwell et al., 1992; Wang et al., 2019; Schlegel et al., 2019; Li et al., 2019;
Feugmo et al., 2019; Ulrich et al., 2017; Takeshita et al., 2017; Abdelmonem et al., 2017a; Zhang et
al., 2016; Wang et al., 2016; Leng et al., 2016; Luca et al., 1995).

|II

Experimental:

RC: 5)

p.4 |. 15 Are there any information on the surface roughness or homogeneity of your silica samples?
AC5:

The authors agree with the Reviewer, the surface specifications were missing in the manuscript. The
surface of the silica samples is optically polished, surface quality is 40-20 Scratch-Dig and surface
flatness at 633 nm is Lambda/10. This information has been added to the experimental section in the
revised manuscript.



RC: 6)

p.4. . 34 “the incident angle was adjusted to 1 degree above the critical anlge of TIR to guarantee a
TIR condition in the studied temperature range. Why was +1 degree chosen and why would the
incident angle change? Which effect would the changing angle of incident have on your data?

AC6:

The issue is more about the change in the critical angle and not the incident angle. The critical angle
for TIR at the silica/water interface is a function of the refractive indices of both silica and water. It is
well known that the refractive index is temperature and phase-of-matter dependent. We fix the
incident angle, but the critical angle may cross the incident angle during cooling and freezing and
then violates the TIR condition. Violation of the TIR condition will result in a clear drop in the signal
and make data interpretation difficult. Any incident angle higher than the range of changes in the
critical angle with temperature should be acceptable. Figure (AC1.2) shows the change in the
refractive indices of water and ice and the critical angle with temperature in the temperature range
of our experiments. Simple calculations based on Snell's law show that the change in the critical angle
for the water/silica system in the studied temperature range (red triangles) is less than 0.5°. We used
an incident angle = critical angle + 1°, however any higher angle would also be fine regarding the TIR
condition.
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Figure AC1.2: The change in the Refractive index and the corresponding change in critical angle of TIR as a
function of temperature for Si/water interface. The temperature dependent refractive indices are taken from
(Cho et al., 2001; Waxler and Cleek, 1971)

RC: 7)

p.4 1. 35 Were the Fresnel factors corrected for the effect of temperature? Does it affect the silica
measurements?

AC7:

We did not correct the data in Figure (4) for the effect of temperature. The effect of temperature on
Fresnel factors in the range of temperatures studied here is small for the water/silica interface, (red
crosses, Figure AC1.3). However this is not the reason to ignore them. As each panel in Figure 4 shows
the change in SHG with aging at constant temperature, correction to Fresnel factors has no effect and
this is the reason why data in Fig(4) are not Fresnel corrected.

Only the discussion on the transient signal, Figure 7, required Fresnel factors correction, for two
reasons: 1) Data are compared at both different temperatures and different phase-of-matter (liquid
and ice). 2) There is a significant difference between Fresnel factors of liquid and ice as can be seen in
Figure AC1.3 (red crosses and blue X respectively).
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Figure AC1.3: The change in the Fresnel factors as a function of temperature for silica/water interface (red
crosses) and the value for Si/ice interface (blue X).

RC: 8)

Does the volume stay the same during the longer successive runs and are evaporation effects
possible/considered?

AC8:

The measuring cell is tightly closed and sealed during the measurements. Volume changes are not
expected.

RC: 9)

p. 6 Fig. 2: The light grey scan and the turquoise scan were cut after 1500 s without an explanation.
Full data sets should be shown.

AC9:

We thank the Reviewer for this remark. We have included a comment concerning this in the figure
caption in the revised version. Sometimes, due technical reasons, the data acquisition software
crashes and some data points are missing, (e.g. the light grey (cycle 2) and the turquoise (cycle 16)
scans). The lost data in these two scans are in the end of the scan where, as can be seen from the
other 23 scans, no exceptional change is expected. Omitting cycles 2 and 16 from the presented data
set wouldn’t affect our interpretations. However, we wanted to present all collected scans with
constant interval between them.



RC: 10)

p.8 Fig.4: Figdb and c seem identical. It would be much more convincing if they would add a point at
2000 s to see how this signal changes as a function of cycles. From the data presented in Figure 2 it
seems that except for Run 1 the intensities look comparable.

AC10:

Indeed Fig 4c seems identical to 4b. However, it is our Temperature (°C)
intention to show that at the onset point, Fig 4c, nothing 20 0 -20 -40
exceptional happens although the onset temperatures =] S T
are different. Nevertheless it is a good point to show the Ol I b c d €
change in signal with aging at other temperatures. Since 5:5 3 \l, \l, \l/
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Table AC1.1: The selected temperatures in Figure AC1.4 and
the closest TP cycle number of minimum SHG liquid signal.
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TP cycle no.

Figure AC1.4: Upper panel: a sample plot of
Figure AC1.4 and Table AC1.1 have been included in the SHG vs. time/temperature during cooling.
supporting information and the corresponding discussion has Lower panel: The averaged SHG liquid signal
been changed in the revised manuscript. as a function of TP cycle number at five
different temperatures during cooling before
freezing. The red lines on the plots are
guiding lines through the data points.



RC: 11)
p.8 Fig. 4 Are there any indications from your data that the onset of the freezing occurs at earlier
timings when the samples are aged?

AC11:
Yes this is directly indicated by Figure 5.

RC: 12)
p.9 I. 1-5 Control experiments at lower temperature, not RT would be helpful since the pH depends
on the temperature.

AC12:

The control experiments included the full temperature range. Comparing lower temperature shows
the same result: i.e. “Pausing the freeze-melt cycles for 5 hours has minimal effect on the SHG signal
in time”, as can be seen in Figure AC1.5. We have commented on this point in the discussion in the
revised manuscript and replaced Figure S3 by Figure AC1.5. Please note that comparing time axis in
case of C27 is only possible at RT (20 °C) because C27 has different cooling rate as described in the

manuscript.
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Figure AC1.5: SHG signal at pH3 solution-silica interface as a function of TP cycle number (a and c)
and time (b and d) of liquid signal at 20 °C (a and b) and -31 °C (c and d) during repeating the freeze-
melt TP. The dashed red lines are trend lines illustrating the behavior of the signal. For low
temperature (-31 °C), only data point C26 is plotted because C27 has a different cooling rate as
described in the manuscript. C526 and CS27 are lay on the trend line with plot against TP cycle
number (a and c) but not with time (b and c). This shows that the significant aging we observe in this
work arises from the freeze-melt process and not from the time the sample is in contact with solution.



RC: 13)

p.9 I. 41 The statement “the older the sample” is somewhat ambiguous. Were the experiments
performed on multiple independent samples? Or one silica prism and the age of the sample refers to
the number of cycles the sample was exposed to. The number of used silica samples and the number
of independent experiments should be added to the materials section.

AC13:

We thank the reviewer for pointing to this misleading term. For consistency, the data reported in this
work were all collected on the same silica prism. This statement has been added to the Experimental
section in the revised version.

The age of the sample refers to the number of cycles the sample was exposed to. The statement “the
older the sample...” has been corrected in the revised version to “the older the surface, i.e. the more
often exposed to freeze-melt cycles, the higher the degree of ...”

RC: 14)

p.10 I. 8 What is the experimental evidence that the prism that orders water better is also a better
ice nucleator? Were any experiments performed? Couldn’t the ageing process and the contact with
acid also just roughen the surface and that is the reason why it nucleates better?

AC14:
This is a good question and we have clarified this point in the revised version.

The experimental evidence that a surface that orders water better “could be” a better ice nucleator
has been recently reported (Abdelmonem et al., 2017b; Abdelmonem et al., 2015; Yang et al., 2011).
Other parameters, e.g. roughness, porosity, steps..., are not excluded. We believe that all surface
properties influence the ice nucleation ability though with different weights. We also believe that the
way these properties influence the interaction with water molecules at the surface is the key to the
overall effect. In our previous work (Abdelmonem et al., 2017a) we combined freezing assays and SFG
characterizations to study the effect of surface charge on the heterogeneous ice-nucleation ability of
a-alumina (0001) surfaces. We are not generalizing our former observation on that particular surface
(i.e. the a-alumina (0001)), but only recall an existence of evidence.

That “Water ordering leads to better ice nucleation condition” is not that straight forward. When a
surface is able to create an ordering compatible with the structure of a crystalline phase, it will then
promote the nucleation of the corresponding phase particularly if the induced ordering further
matches the crystalline structure at a higher degree (Bi et al., 2017). A surface may exhibit the
ordering patterns that resemble the structure of ice. Therefore, water layers bound to surfaces may
be ice-like, providing a template for ice to nucleate (Bi et al., 2016). Based on these facts we suggest
that the re-adsorbed dissolution products have an arrangement on its surface as close as possible to
that of water molecules in some low index plane of ice.

There is a lack in the literature on what happens at the surface on the molecular level and our
approach is applied in ice nucleation studies only since few years ago. With this work we try to attract
the attention of theoreticians who can simulate this re-adsorption of dissolution products and their
arrangement on the surface. Indeed we have proposed MD simulations with the group of Molecular
Modelling and Computer Simulations, Clemson University, as future cooperation.

RC: 15)

p.10 Fig.5 Since the observed effect is not very pronounced. It would be good toadd error bars in the
Figure or provide information on how reproducible the trend is.

AC15:



The authors agree with the Reviewer, this information was missing in the figure caption. Repeating
the experiment showed the same trend over the whole range of cycles with an average standard
deviation of 1.3. The information has been added in the figure caption with the corresponding error
bars on Figure 5 in the revised version of the manuscript.

RC: 16)

p.11 I. 15 The results of the following study should be added to the discussion. Rehl et al. 2019 New
Insights into x(3) Measurements: Comparing Nonresonant Second Harmonic Generation and
Resonant Sum Frequency Generation at the Silica/Aqueous Electrolyte Interface, JPCA.

AC16:

The study of Rehl et al. 2019, although interesting, is not relevant to our study. Rehl et al. compare
the SHG and SFG from technical point of view. Neither the sample (IR-grade Silica) nor the solution
(0.5 M NaCl) are the same as ours. Even the temperature effect was not discussed. They wanted to
find the origin of inconsistencies between SHG and SFG that have arisen when comparing experiments
on silica at high electrolyte concentrations. Discussing their results in our manuscript will confuse the
reader and deviate from the main study.

However, this paper includes one very useful information which is “SHG is more sensitive to the
number density of aligned water, particularly at low pH and ionic strength”. As already mentioned in
the first paragraph in the “Results and Discussion” section, we eliminate the x effect by choosing pH
=3, and we also add no salts. We have cited this paper in this context in the revised manuscript.

RC: 17)
p.13 I. 33 Is there an explanation why the ice signal shows such strong variations.
AC17:

So far we have no explanation for the strong fluctuation in the ice signal after freezing. This will need
further investigations on the ice structure after freezing. One expected scenario is the formation of
free OH group after freezing (as we observed on Sapphire 110 surface using SFG, not published yet).
The role of the formation of this free OH is not yet known. We added the following sentence to p.13. I.
33 “This ice signal fluctuation merits further investigations particularly using SFG which gives details
on the individual contributions of different interfacial species from their resonant vibrations.”. We
also merged the “Ice signal” and “Confined liquid signal” sessions.

RC: 18)

p. 13. I. 35 Is it possible to estimate the thickness of the liquid film? | would assume this could
provide very useful information as one could estimate the pH of this solution which should be much
lower due to the freeze concentration and likely dissolves the silica even faster.

AC18:

Not with this technique. The maximum penetration depth in our geometry is ~ 400 nm. The layer
thickness exceeds this distance very shortly after the freezing point (= transient peak time).

RC: 18)

p. 14 I. 28 “this study is expected to benefit”... The connection of the results of the current study and
its implications for atmospheric research are not clear.

AC19:

The authors have answered on this question in AC1 (second paragraph)
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