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Abstract

Here, we present a Python based software that allows for the rapid visualization, data mining, and
basic model applications of quartz crystal microbalance with dissipation data. Our implementation
begins with a Tkinter GUI to prompt the user for all required information, such as file
name/location, selection of baseline time, and overtones for visualization (with customization
capabilities). These inputs are then fed to a workflow that will use the baseline time to scrub and
temporally shift data using the Pandas and Numpy libraries and carry out the plot options for
visualization. The last stage consists of an interactive plot, that presents the data and allows the
user to select ranges in MatPlotLib-generated panels, followed by application of data models,
including Sauerbrey, thin films in liquid, among others, that are carried out with NumPy and SciPy.
The implementation of this software allows for simple and expedited data analysis, in lieu of time

consuming and labor-intensive spreadsheet analysis.
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38

39 1. Motivation and significance

40  Quartz crystal microbalance with dissipation (QCM-D) is an acoustic-based, surface sensitive
41  technique that measures small mass changes and energy losses, in real time, at the surface of a
42  sensor. The sensors are commonly fabricated from a piezoelectric material, such as quartz, which
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Figure 1. (a) and (d) Standing wave of overtone orders n = 1 and n = 3 across the thickness of the sensor, da. (b) and
(e) Increased sensor thickness due to analyte film decreases resonance frequency. (c) and (f) When the analyte film is
softer than the sensor, the interface generates a distortion to the standing wave, and the frequency shift becomes
proportional to the mass, rather than the thickness. (g) Frequency and bandwidth shifts, Af and Arl", respectively, are

used to measure changes in film thickness dr and energy losses.
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allows thickness-shear of the sensors at its resonance frequencies by applying an alternating
electric field. The most common cut of quartz crystals for QCM-D applications is the AT-cut, as it
has excellent frequency-temperature characteristics.! For these sensors, there are n number of
acoustic modes, referred to here as overtones or overtone order, that can be approximated as
standing waves perpendicular to the crystal surface with negligible longitudinal wave propagation.

The penetration depth of a 5 MHz shear wave in water is approximately & = 250 nm for the
fundamental overtone and & = 70 nm for the 13" overtone,?® making QCM-D a surface-sensitive
instrument. For small films formed by analytes at the surface of the sensor, the resonance
frequency f is inversely proportional to the total thickness of the plate. That is, the effective
thickness dsrt = dq + d of the sensor increases with increasing amount of analyte coupled to the
sensor surface, decreasing its resonance frequency f. This relationship was first identified by
Sauerbrey,* and is schematized in Figure 1. When the forming film is rigid or very thin (and
homogeneous and continuous), the film-sensor interface does not change the bandwidth (Al =
0). However, if the forming films are viscoelastic (or heterogeneous or discrete), the shift or
change in frequency Af is coupled with a change in bandwidth as well (A" # 0), and the ideal

inverse linear relationship between changes in thickness and changes in frequency no longer
apply.®

QCM-D has gained popularity in many different scientific fields due to its experimental simplicity
and versatility. QCM-D (or just QCM if not quantifying energy losses) can be combined with a
variety of instruments for in situ complementary measurements, such as atomic force microscopy
(AFM),® microtribometry,” surface plasmon resonance (SPR),® or electrochemistry,’ among
others. However, one drawback rests in linking experimental conditions, understanding
relationships between changes in frequency Af and changes in bandwidth A, to meaningful
models. For example, films can be laterally homogeneous or heterogeneous, isotropic or
anisotropic, the dissipation can take place inside the film or at a particle-surface region,
continuous or discrete, and the bulk solution can be Newtonian or non-Newtonian. All these
conditions will dictate the applicability of specific models. In a collection of works,!%-2°
Johannsmann and co-workers have developed, refined, and summarized qualitative and
quantitative approaches for the analysis and interpretation of QCM-D data, which the reader is
encouraged to review. Kanazawa and Gordon?'-?? derived a simple relationship which expresses
the change in frequency Afin contact with a fluid only in terms of the material parameters of the
fluid (i.e., density pr and viscosity ur) and the quartz crystal (i.e., density pq and shear modulus
Ha). The relationship is valid for semi-infinite viscoelastic media. Du and Johannsmann'? derived
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the elastic compliance J; of a viscoelastic film deposited on a quartz crystal surface in a liquid
environment from the ratio of bandwidth shift A" and frequency shift Af. Voinova et al. derived the
general solution describing the dynamics of two-layer viscoelastic materials of arbitrary thickness
deposited on a solid (the quartz crystal) surface in a fluid environment.?® This relationship can be
used for QCM-D measurements of layered
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Figure 2. pyQCM-BraTaDio workflow and structure of operations. Beginning with data preparation, pyQCM-BraTaDio
takes in the input fields specified by the user in the Ul, and formats the file dependent on the experimental apparatus
used to record the data. Once data is prepared, it is then visualized. This includes shifting data by the baseline,
computing alternate plot options, saving figures, and generating the interactive plot. The optional modelling and further
analysis layer can commence after visualization. This starts with the user making selections in the interactive plot and
basic statistical calculations being applied on those selections, and ends with the execution of various available
models for the data previously selected.
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82  structures, such as protein films adsorbed from solution (the analyte) onto the surface or swelling
83  and deswelling of polymer brushes. Despite the relative simplicity with which QCM-D operates
84  and its versatility, it becomes clear that quantitative results are non-trivial to obtain and require
85  careful analysis.

86 In any QCM-D experiment, real-time monitoring of sensor surface-environment generates large
87  volumes of data entries. Packages used to collect data do not typically possess straightforward
88 data visualization, data mining capabilities, and basic model applications. Furthermore, programs
89  associated with QCM-D data collection and analysis are often proprietary with limited access.
90 There are other open source packages, such as RheoQCM?* and pyQTM,?® however, they focus
91 on data modelling rather than data mining. Here, we present an intuitive Python-based, open-
92  source software that is QCM-D manufacturer agnostic of multi-harmonic collecting systems for
93 (1) simple and fast data visualization and interaction, (2) data mining and reduction, (3) crystal
94  thickness calibration, and (4) basic model applications. The supported models include (i)
95  Sauerbrey, for rigid thin films, (ii) Johannsmann, for viscoelastic thin film in a Newtonian liquid,
96  and (iii) quartz crystal thickness determination. Lastly, we validate the software by visualizing and
97  applying models to data collected with two commercial multi-harmonic QCM-D systems.

98 2. Software description

99 To perform the various levels of data visualization, applying models, and fitting possible with
100 pyQCM-BraTaDio tool, it is crucial for the input data files to have the correct data structure and
101 file extensions, depending on the source system. Supported data structures at the time of writing
102  include QSense, QCM-I, and openQCM-D Next. Raw data is required to be exported to one of

*

103  the following formats: *.txt, *.csv, *.xlIs, *.xIsx, and *.xlsm. The format structure for the data that
104  each system generates, and more importantly, format structure that the pyQCM-BraTaDio tool

105  converts to for further operations are detailed in the Sl Input Data Structure section.

106  2.1. Software architecture:

107 pyQCM-BraTaDio is a Python package implemented in Python 3.10.5, intended to be used as a
108 data visualization (plotting), experimental data mining, and basic model application tool for multi-
109 harmonic QCM-D experimental data. It operates by following the workflow and file database
110  organization shown in Figure 2. The main steps of the workflow are the generation of multiple
111  data frames from the input file, customization of the plotting properties, selection of overtone
112 orders (n) for display and analysis, selection and labelling of data ranges, calculation of average
113 frequencies (f,) and dissipations (D»), average change in frequencies (Af,) and average change
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125  Selection of multiple data Figure 3. User interface of pyQCM-BraTaDio. (1) Initialization conditions, (2)
126  ranges is possible, for selection of frequencies and dissipation for data mining, visualization, and modeling,

127 example, for selecting (3) interactive plotting options for data range selection, and (4) selection of plotting

. options and modeling.
128 ranges corresponding to

129  double-layers or buffer washes.

130 pyQCM-BraTaDio generates several output files. All generated plots are saved in the “gcmd-plots”
131  directory and model application plots saved in a subdirectory within named “modelling” with the
132 selected output format (e.g., PNG, TIFF, or PDF). Calculated averages and standard deviations
133 of selected ranges using the interactive plot are saved in a *.csv file for the chosen overtone order
134  frequencies and dissipations in the “selected_ranges” directory. pyQCM-BraTaDio includes
135  python functions to read, compare, and statistically analyze the resulting *.csv files, detailed in
136  the “Comparison of experimental data to theoretical models” section. Alternatively, the resulting
137 files can be opened with standard text editors or data analysis tools such as Excel or Origin for
138  further analysis.

139 pyQCM-BraTaDio utilizes several well-established open-source python packages. Most notably,
140  Pandas,?® Numpy,?” for a variety of computational tasks, Tkinter for the interactive plotting engine
141  and application user interface (Ul),2® Matplotlib®® for the display of scatter plots and models and
142  interactive plot interface, and SciPy®® for much of the model application capabilities. Pandas is a
143  package providing flexible data structures to make working with relational or labelled data easy.
144 It provides an intuitive way of working with data from spreadsheets, interacting with it with code.
145 It is a high level, fundamental building block data for analysis in Python. NumPy is another core
146  building block, as all the other libraries used rely on it as well. NumPy is used in almost every field
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147  of science and engineering in Python, containing multidimensional array and matrix data
148  structures, allowing for easy operations on complexly related data. The number of available
149  operations is enormous, and they are also guaranteed an optimized runtime. Matplotlib is the core
150 visualization tool used for this software. It is a comprehensive library for designing and efficiently
151  plotting static, animated, and interactive plots in Python. SciPy is the final pivotal library for this
152  software. It provides highly optimized fundamental algorithms for model applications and analysis,
153  such as integration, interpolation, statistics, and more. SciPy is the library behind our model
154  application routines. It is a very powerful tool that is relatively simple to use in conjunction with
155  our other libraries.

156  Our implementation begins with a Tkinter GUI to prompt the user for all required and optional
157  information, such as file name/location, baseline time, which overtones to plot, and any additional
158 data plot options. These inputs are then fed to an analysis workflow that will use the baseline time
159  to scrub data using the Pandas library and carry out the plot options. The platform, most
160 importantly, incorporates an interactive plot, that allows the user to choose the range of
161  experimental data over time to calculate data averages and standard deviations. These will be
162  used as input for the various model applications.

163  The implementation of this software allows for expedited data mining and analysis, in lieu of time
164  consuming and laboring spreadsheet analysis needed for one experiment.

165  2.2. Software functionalities

166  The interaction with pyQCM-BraTaDio is via a GUI, which allows the user to interact with the
167  software with minimal to no console interaction. The main window is organized into four main
168  regions, shown in Figure 3. These regions are (1) initialization conditions, (2) selection of
169  frequencies and dissipation for data mining, visualization, and model application purposes, (3)
170 interactive plots for data mining, and (4) selection of plotting options and models.

171 2.2.1 Entering data file information.

172 In region (1) from the main GUI shown in Figure 3, the user loads the relevant file in any of the
173 supported formats: *.txt, *.csv, *.xls, or *.xIsx, and indicates the data structure by selecting the
174  multi-harmonic instrument that generated the data. Next, the ‘relative baseline time’ (‘absolute
175  baseline time’ for openQCM Next) refers to the beginning (%) and end (&) of what will be
176  considered the experimental baseline. For example, if the file contains an air-to-liquid transition,
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Input offset frequency values here

178  the last minutes of the equilibration time. pyQCM-BraTaDio calCulates e s i oe uweiior moceing porposes

Supports exponential format. i.e, 2.5e-6 or 1.34e7

179  the average Af, and average AD, of all datapoints within the selected

1t frequency 1960883.202
st dissipation {0.000186857
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7th frequency 3467959469
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11th dissipation |5.71E-05
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185  crystals outlined in SI Table 1, selecting offset will lead to two potential Clr i seections

186  workflows. If the user has selected QCM-I, the offset values are Comlim seetins

187  automatically taken from the user-inputted baseline time frame. |f Figure 4. Input window
188  QSense is selected, the user will be prompted to either enter values in for calibration obtained
189 the window shown in Figure 4 or edit the frequency and dissipation
190 ‘COPY_PASTE_OFFSET_VALUES_HERE.csv file in the ‘offset_data’ roferred to  as  offset

191  directory. It should be noted that these offset values are not required for 5jyes).

values (sometimes

192  basic visualization purposes, but model application functions will not be viable as they rely on the
193  resonant frequency values for calculation. It is necessary to keep in mind that the typically
194  reported values of dissipation D, are related to bandwidth I;, by:22

n

195 D, = 7
n

(1)
196  where D, is the dissipation of order n, I;, is the bandwidth of order n, and f, is the resonance
197  frequency of order n.

198  Finally, it is necessary to submit input by clicking the ‘Submit file information’. The user also has
199 the capability of personalizing the plotting aesthetics, such as size and font type for axis titles, x
200 and y plotting ranges, selecting colors for data, among others. These options are described in the
201  Customize Plot Options section in the Sl.

202  2.2.2 Data selection for visualization, mining, and analysis

203 The data selection region allows the users to choose the frequencies and dissipations from
204  specific overtones for data mining, visualization, and model application purposes. pyQCM-
205 BraTaDio works with overtones n=1, 3,5, 7,9, 11, 13. It is also here where the user selects to
206  work with the raw, full data range (i.e., from the first to last data point acquired) or with the
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207  experimental data (i.e., from a predetermined data point to the last data point acquired) and taking
208 the changes in frequencies (Af,) and dissipations (AD,).

209  2.2.3 Interactive plots

210  To facilitate the procedure of data mining, that is, selection of frequency

(" Interactive plot

211  and dissipation ranges for time ranges of interest, it is possible to interact

Select overtone to visualize:
212 with the data via the interactive plots in two ways. First, the user is ;

. . . . Enterwhich range being selected
213 required to select the Interactive plot option under either Plot raw data (f i e e gt et

i.e. numbers or choice of label)

214  and D) or Plot shifted data (Afand AD). Next, it is necessary to designate After P39
215  one of the available overtones for data visualization (e.g., n = 3 in Figure M
216  5) and a label to the data range (e.g., After_PBS in Figure 5). Note that _selectall |

Clear all
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221  and AD, depending on the selection. Figure 6 shows the latter case. 'a.bpfl or identifier for data
mining.

222 The interactive plot window consists of 5 panels, an input text field to numerically provide a time
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239  dissipation plots are coupled, that is, same time ranges will be applied to frequency and
240  dissipation channels. The plots shown in Figures 6(c) and (e) display the selected range only and
241  calculated drift by applying a linear regression. For frequency, it will be in units of Hz over time,
242 and numerical value over time for the dissipation (i.e., seconds, minutes, or hours, depending on
243  the selected unit under the Customize plot options menu). pyQCM-BraTaDio will compute the
244  average and standard deviation of the data points contained within the selected range for each
245  overtone selected, every time a selection is made. The range can be moved and adjusted as
246  needed, and the new average and standard deviation computed will be updated each time.
247  Repeating the process overwrites the previously saved average and standard deviation for that
248  specific range identifier. The average and standard deviation will be calculated for all selected
249  overtones (all f,, Afy, Dy, and AD,) in a file contained in the selected_ranges directory. Details on
250 the file structure can be found in the Description of directories and output files section of the
251  Supporting Information.

252 Changing the range identifier signals to pyQCM-BraTaDio that a new experimental step has been
253  selected and averages and standard deviations will be saved in new fields (instead of overwriting
254  the previously stored values). Note that when a new range is selected, data for previous ranges
255  will remain untouched and new selections will only update for the currently identified range. This
256  data will remain untouched until the user clicks the ‘Clear saved ranges’ button in column 4, which

257 is recommended when switching to new experimental data, or using different models.

258 It should be noted that depending on the data file size, combined with computational power,
259  processing time can vary between a fraction of a second to a few seconds. Faster processing
260 times were demonstrated using a Ryzen 9 5900X 12 core (24 threads) processor at 4.5GHz with
261 32 GB of RAM, while the lower end of software execution speed was using a more conventional
262  computer, consisting of an Intel i7-10510U 4 core (8 thread) processor at 1.8 GHz and 16 GB of
263 RAM.

264 3. lllustrative examples
265 3.1 Plot options

266  As in any experimentally obtained data, visual inspection is crucial for an initial assessment of
267  baseline stability, anomalies, such as presence of undesired air bubbles, leaks, signal loss,
268  among others. Two basic visualization options are implemented in the pyQCM-BraTaDio tool: (i)
269  a full data range visualization referred here as raw data, Figure 7, and (ii) the experimental data,
270  referred here as shifted data, Figure 8. For these options, the user can select the overtone order(s)

11
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271 to visualize the frequency and (a) = —(b) -
272  dissipation in various plotting ﬁ: -
273 formats. Figure 7(a) and 7(b) f;a 2 S oooors i
274  show the absolute frequency f, :Z E?ZZZ:E
275  and dissipation D, as a function 1 o0
276 oftime tforn=1,3,5,7,9,11, & o ® » & % % »

Time, t (min) Time, t (min)

277 and 13 for a BSA solution Figure 7. Raw data plots generated by BraTaDio for film formed from
a solution of BSA at 1 mg/mL in PBS adsorbed to an Au-coated quartz

278 absorbing to a gold substrate, crystal. (a) Absolute frequency f, as a function of time t, (b) corresponding
. ) absolute dissipation Dn as a function of time forn =3, 5,7, 9, 11, and 13.
279  as described in the Sl under The peaks seen in panel (b) correspond to transition periods, that is,
) . , . pumping BSA after the PBS baseline was established (f = 5 min), and the
280 Model experiments’ section gecond to a PBS wash (t = 55 min.
281  using a QCM-I unit. Sl Figures 4 and 5 show similar plots to Figures 7 and 8 for an identical
282  experiment performed using QSense. When plotting the raw data (absolute frequency and

283  dissipation values), only the Plot raw data option with at least one overtone must be selected.

284  The relevant experimental data can be visualized by selecting the ‘Plot shifted data’ option. For
285 example, change in frequency as a function of time, Af, vs time t, Figure 8(a), change in
286  normalized frequency as a function of time, Af.(/n) vs time t, Figure 8(b), change in dissipation
287  AD,vstime t, Figure 8(c), combined change in (normalized) frequency and change in dissipation
288 as a function of time, Af,/n and AD, vs time t, Figure 8(d), combined change in normalized
289  frequency and change in dissipation as a function of time, Af,/n and AD, vs time t, Figure 8(e),
290 the temperature T as a function of time, T vs t, Figure 8(f), which is critical to determine any
291 temperature effects in collected data. Finally, change in dissipation as a function of change in
292  frequency, AD, vs Afy(/n), Figure 8(g), and change in dissipation as a function of change in
293  normalized frequency, AD, vs Af,/n, Figure 8(h) to obtain qualitative insights of the adsorbed film
294  rigidity. In these plots, commonly used for assessing differences in adsorbed protein3'-33 or
295  polymer films,** a small slope is indicative of a compact and more rigid film, while a higher slope
296 s indicative of a looser and more compliant layer. Change in frequency Af, will always be plotted
297  as normalized change in frequency Af/n if the ‘Normalize Af with its respective overtone’ option
298 is checked. The change in frequency Af, and change in dissipation AD, plots are automatically
299  generated, and no selection is required. If one selects normalize Af, with its respective overtone
300 n, all associated Af, plots will be normalized (Afy/n). This is not the case, however, for data used
301 for model application purposes, as they will use normalized frequency if the model/equation
302 requires it, regardless of the selection of this option. Note that when plotting shifted data (change
303
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|304 in frequency and change in dissipation values), only the ‘Plot shifted data’ option with at least one
305 overtone must be selected.
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Figure 8. Plots generated by BraTaDio for a film formed from a solution of BSA at 1 mg/mL in PBS adsorbed to
an Au-coated quartz crystal. (a) Change in frequency Af, as a function of time ¢, (b) change in frequency normalized
by overtone order, Af, /n as a function of time t, (c) corresponding change in dissipation ADn as a function of time, (d)
change in frequency normalized by overtone order, Af, /n and corresponding change in dissipation ADn as a function
of time for n = 5 and 7 for clarity, (e) change in dissipation AD, as a function of change in frequency normalized by

overtone order, Afy /n, for n = 3, 5, and 7 for clarity, and (f) temperature T as a function of time. Data collected with a
QCM-I system.

306

307 3.2 Data analysis options

308 Matching QCM-D experimental data to models that provide physical interpretation is key for the
309 quantitative characterization of liquids interacting with the quartz crystal surfaces or nanofilms.
310 Models can be classified into steady-state models and kinetic models.®3¢ With pyQCM-BraTaDio,
311 it is possible to apply models of steady state (in equilibrium) thin films using one of the following
312 models: (i) the Sauerbrey equation for very thin films,* (ii) shear-dependent compliance of a thin
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313  viscoelastic film in a Newtonian liquid,' and (iii) determination of the Modeling Options

314 quartz crystal thickness.®” These models are described below,  wore v this section AFTER submitting
315 accompanied with experimental examples. It is important to note that the Pioh average Af and AD

of overtones

316  viscoelastic properties measured via QCM-D may deviate significantly

Run sauerbrey mass analysis

317 from those obtained via bulk rheometers. That is in part, due to the fact
Run analysis of

318 that QCM-D measures at much higher frequencies (i.e., 5 — 65 MHz) thin film in liquid
319  than bulk rheometers (i.e., 0.1 — 100 kHz),* and that the probing depth Run analysis of

thin film in air

320 of QCM-D is of approximately 250 nm or less.?® For more complex I
un Crysta ickness

321  models, the reader is referred to a review by Johannsmann et al." . _ _
Figure 9. Available modelling

options packaged in pyQCM-
322  3.2.1 The Sauerbrey equation for thin, rigid films BraTaDio.
323  The Sauerbrey equation (eq 2) is a linear relationship between the resonance frequency change
324  and the mass change of the acoustic oscillator:*10:11

Afn
325 A"lSauerbrey = —CTheo " n (2)

326  where Amg,yerbrey is the change in Sauerbrey mass in (ng/cm?) (or mass per unit area), Af, is the

327  change in frequency of overtone nin (Hz), nis the overtone order, and cty,e, the mass sensitivity
328  constant in (ng/cm?-Hz).

329  The Sauerbrey equation is applicable to very thin films, with a change in mass small compared to
330 the quartz crystal, that can be considered rigid (no deformation) and perfectly coupled to the
331 quartz crystal surface (no slip), homogeneous and evenly distributed over the quartz crystal
332  surface. The theoretical value of ¢y, for a 5 (MHz) crystal is 17.7 (ng/(cm?-Hz)). The true crrye
333  can be obtained from eq 3:

334 Crrue = 192“—]{’;* (3)

335  Where 9 is the is the wave velocity in quartz, pq is the density of quartz, and f, is the measured,
336  fundamental resonance frequency. It is frequent to report Amg,yerbrey for one overtone order of
337  interest, Figure 10(a). However, more accurate Amg,yerprey Can be obtained from the slope of the
338 change in frequency of each overtone Af, as a function of overtone order n and multiplying it by
339 the mass sensitivity constant, cpeo- Using the theoretical values is most of the times a good
340 approximation, as ctpheo, and crrye are usually in very good agreement. However, when the

341 calibration values are provided, the Sauerbrey mass can be calculated using crpye-
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The data shown in Figure 10 corresponds to the Sauerbrey mass of a BSA film after a PBS wash
formed from a 1 mg/mL bulk solution in PBS. Details are described in the Model Experiments
section in the SlI, and plots obtained from these experiments are shown in Figures 6, 7, and 8.
pyQCM-BraTaDio plots the Sauerbrey mass for each selected overtone order, Figure 10(a) and

(a) (b) (c)

N
H N
326 . average ] = . average
- + el H us \\‘_ Sauerbrey mass: 323.1 (%)
3[’% 924 t Fey Al i -50 e t+ stadev
'éé 322 + é Afs g b
3
4 320 8 af g 100 \\\
o &= @ “
2 a8 £ AR = e
() o .
> = ~
g a3t | 2 an 2 150 \.\\
T [
S 314 S af 5 \\\
@ } ]  ~200 =
N 312 } 5 Af g \\
=
310 [ 5
o

1 3 5 i 9 1" 13
Overtone order, n

1 3 5 7 9 1 13 15

Overtone order, n Qvertone order, n

Figure 10. Sauerbrey mass as a function of overtone order. (a) Sauerbrey mass calculated as a funciton of each
individual overtone order, (b) linear regression model to obtain the Sauerbrey mass using the changes in frequency
from all available overtones, and (c) Sauerbrey mass calculated from performing a fit to the average change in
frequency as a function of overtone order for the data range shown in Figrue 6 (BSA after PBS wash).

saves the Sauerbrey mass values in sauerbrey output.csvsfile in the selected ranges directory.
It also plots and displays the Sauerbrey mass obtained from calculating the slope of the linear
regression and multiplying by the mass sensitivity constant cye, Figure 10(c). Similar results for
an experiment conducted in a QSense system are shown in Sl Figures 1, 4, and 5.

3.2.2 Shear-dependent compliance of a thin viscoelastic film in a Newtonian liquid

For the cases in which the film formed on the surface of the quartz sensor is significantly more
rigid than the environment Newtonian liquid, it is possible to obtain the shear-dependent
compliance of the film by plotting the change in bandwidth over the negative of the change in

frequency, _A—Arf, as a function of the overtone order, n, and calculating the slope:''-12

AF I !
a7 S rOMoui=J 2mnfomlpuk (5)

where J¢ is the shear dependent compliance of the film,

w the angular frequency (w = 2mn), and 1y is the
viscosity of the Newtonian fluid. This equation assumes
that the viscous dependent compliance of the film is
much smaller than the shear dependent viscous
compliance of the bulk liquid, Jf << Jyy- The model
was derived by Du and Johannsmann and a detailed
derivation can be found elsewhere.'

5 Linear fit:
- y =-0.0192x + 2.7450

[=2]
o

(4]
=

40t

Bandwidth shift, A,
©
o

of .
-3000 -2500 -2000 -1500 -1000 -500 0
Overtone - Change in frequency, n - Af,, (Hz)

pyQCM-BraTaDio calculates the shear-dependent
compliance of a thin viscoelastic film in a Newtonian
liquid by computing the slope of the bandwidth shift for

Figure 11. Shear dependent compliance, Jf

of a BSA film formed from a bulk solution of 1
mg/mL BSA in PBS after a PBS wash.
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367 each overtone (AIL;) as a function of the change in frequency times its overtone order value (n -
368  Af,). Figure 11 shows the sheard-dependent compliance of a BSA film after a PBS wash formed
369 from a 1 mg/mL bulk solution in PBS. The calculated value J; is 0.0192 Pa’'. The datapoints

370 displayed in the generated plot are saved in thin_film_liquid_output.csvfile in the selected_ranges
371  directory. Experimental details are described in the Model Experiments section, and plots
372 obtained from these experiments are shown in Figures 6, 7, and 8.

373  3.2.3 Shear-dependent compliance of a thin viscoelastic film in air

374  Forthe cases in which the film on the surface of the quartz sensor is exposed to air as the medium
375 instead of a liquid, the inertial effects of the medium become negligible. It is possible to obtain the
376  shear-dependent compliance of the film by plotting the normalized change in frequency % as a

377  function of the square of the overtone order, n?, and calculating the slope:'"242%
378 (Af /n)/An? = i (6)

379  Ifthe slope is relatively constant, it suggests that the shear-dependent compliance J; is relatively
380 insensitive to the frequency.

381 3.2.4 Estimation of the quartz crystal thickness

382  For the cases in which the true thickness of the crystal is required, and the calibration resonance
383  peaks known, it is possible to estimate the thickness of the crystal hy,. The implementation is
384 based on the work by Reviakine et al.,*’

— " [Han
8 2

386 Hgn = Hq T % B 7'[2—1612K (8)
387 where nis the overtone order, hqis the crystal thickness, pq e oo 0356 () o
388 the density of quartz (2650 kg/m®), Lgn is the elastic ¥°| o
389  modulus of quartz considering piezoelectric stiffening, pqis 5[ //
390 the shear modulus of quartz (2.93-10"° Pa), € is the § T
391  piezoelectric stress coefficient (-9.24-10% C/m?), and Kk is g}
392  the dielectric constant (3.982:10"" F/m). .l
393 pyQCM-BraTaDio calculates the thickness of the quartz T 1 ///
394 sensor for the cases in which the calibration resonance i s 5 7 & A 13

Overtone order, n

395 frequency values have been provided. The corresponding Figure 12. Determination of the quartz
396  outputs are a plot displaying the calculated hq from the user crystal thickness.

397 defined number of overtones and saves the computed

398 value in the crystal_thickness_output.csv file in the selected_ranges directory.

399 4. Impact
400
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401  QCM-D data model applications rely on the a prioriknowledge of various quartz crystal properties,
402  such as fundamental resonance frequency and bandwidth, fand I, respectively, higher overtone
403  order resonance frequencies and bandwidth, f, and I, respectively, and theoretical mass
404  sensitivity constant crpeo (-17.7 ng/cm?-Hz at 5 MHz). For those cases in which only changes in
405  frequency Af, and changes in dissipation Al;, without offset values (e.g., data coming from a
406  QSense system) are exported or theoretical values are not acceptable for model application
407  purposes, it is possible to read a calibration file containing the measured resonance frequencies
408 and bandwidths of a free oscillating crystal in air and use those values to calculate, for example,
409 the true mass sensitivity constant crpye Or crystal thickness heysta. Details on how to obtain
410 calibration files from each compatible system with pyQCM-BraTaDio and how to generate/obtain
411  a calibration are detailed in the Supporting Information.

412
413 5. Conclusions

414  pyQCM-BraTaDio is a Python software implemented ad hoc to expedite the process of data
415  mining and analysis of QCM-D experimental data. We beging with a Tkinter GUI for metadata
416  collection. These inputs and data are fed to several routines to mine and shift reformatted data
417  with the Pandas and NumPly libraries. The user is able to interact with QCM-D in a novel way via
418  a MatPlotLib interactive plot widget towards the end of the workflow. This interaction offers the
419  user to apply several models such as Sauerbrey, thin film in liquid, thin film in air, and crystal
420 thickness. This tool is key for efficient data analysis in preference over laborious spreadsheet
421  evaluation.
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